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Load Characteristics of a Submerged- 


Arc Silicon-Smelting Furnace 


GEORGE GRANT III 


MEMBER AIEE 


UBMERGED-are furnaces have been 
in commercial operation for more 
an 50 years. However, the literature 
s little about what they require from 
e supplier of the electric energy or what 
ects they have on the supply system. 
silicon-smelting furnace is typical of 
ese Operations. In fact, this process is 
herally considered to be one of the most 
acting in its demands for precise opera- 
to prevent undesirable performance of 
> furnace and unreasonable demands on 
p electricity supplier. This paper pre- 
its information on the electrical per- 
mance of such a furnace. 


uipment 


ig. 1 outlines the power circuit to the 
mace. The utility company’s supply 
6 kv is stepped down through a 10- 
a (megavolt-ampere) transformer to 
4kv. It is then regulated by a step 
age regulator to 14.0 kv to the plant 
station delta-connected bus. The cir- 
t to the furnace building goes from this 
5 through a 500-mva air-magnetic cir- 
breaker and armored aerial cable. 
the building, the auxiliary power trans- 
mer is connected directly to this cable 
ile the 6.0-mva furnace transformer is 
nected through a disconnect and air- 
ignetic circuit breaker. Built into 
5 transformer is added reactance, ad- 
table in five steps from the inherent 
o, to 31.2%. The low voltage of the 
nsformer is connected to interleaved 
bar. This bus bar is terminated and 
delta connection closed at the flexible 
ds to the electrode clamps. Six elec- 
de voltages may be selected at the 
rating panel through a remote control 
load tap changer in the transformer. 
Pontrol of the electrical load is attained 
Taising the electrodes to reduce the 
rent and lowering them to increase the 
H, This is done with reversing electric 
tors driving hydraulic pumps which 
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_ flows up through it. 


activate pistons that support the electrode 
with cables. Either manual or automatic 
control is available. The automatic con- 
trol is piloted by a float-action current 
relay and each electrode is regulated 
independently. 


Process 


DESCRIPTION 


The process of smelting silicon consists 
of heating silica (silicon dioxide) with car- 
bon. Carbon combines with the oxygen 
in the silica rock to form carbon monox- 
ide and leaves the silicon in a molten 
state at the bottom of the furnace. The 
silicon is tapped from the furnace at 
regular intervals. Fresh mix or charge 
of silica and carbon is fed into the furnace 
from the top and banked around and 
between the electrodes. This is shown 
as C in Fig. 2. As the mix works its 
way down into the hot reaction zone to- 
ward the bottom, the carbon monoxide 
The carbon reaches 
the reaction zone to combine with the 
oxygen of the silica because it is protected 
from air by this blanket of carbon mon- 
oxide. 

Conducting paths between electrodes 
are produced by the carbon in the charge. 
The conductivity of this path consists of a 
multitude of contacts and small arcs which 
continually change as the mix moves 
toward the bottom of the furnace and as 
the reduction process proceeds. Electric 
energy also goes from the electrodes 
through arcs to the metal in the bottom of 
the hearth. As a result, several factors 
affect the electric load in the furnace, with 
the multiple paths through the mix 
continually tending to make the load 
unsteady. By proper control of the mix 
and by the use of the proper voltage, the 
variations in conductivity through the 
multiple paths can be made to cancel one 
another and produce an over-all conduc- 
tivity that is relatively steady. 


POWER REQUIREMENTS 


Ideal scheduling of operations calls for 
24-hour operation at 6.0 mva. In prac- 
tice, a monthly operating time factor of 
more than 90% is maintained. Most 
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days do 97% or better. Maximum 
operating time is desirable both because 
of increased production and because de- 
lays upset the furnace. 

When the power is shut off, the reaction 
stops and the reaction zone starts to cool. 
Carbon then starts to burn out of the 
charge because there is no protective 
carbon monoxide. The burning of the 
carbon disturbs the proportions of the mix 
and reduces the conductivity. Conduc- 
tivity is further reduced by the cooling. 
This reduction in conductivity can be- 
come so great that the furnace cannot be 
restarted with the available voltages. 

During the course of a month, shut- 
downs must be scheduled to make 
mechanical repairs. It has been found 
that both the duration of the shutdown 
and the condition of the furnace at the 
time of shutdown influence the ability 
to start up again. When the furnace was 
in good condition, it was started quite 
easily after a 48-hour outage. On the 
other hand, with the furnace in poor 
condition, an 8-hour delay has made re- 
starting doubtful. Consequently, all 
scheduled shutdowns are aimed at less 
than 8 hours to minimize this chance of 
not getting started. Thus, it is difficult 
to state a maximum safe period for power 
discontinuity, but less than 8 hours can 
always be tolerated. 

The process is not particularly sensitive 
to voltage variations but the electrical 
performance is. A 5% change causes 
changes in performance that are noticeable 
at once and become troublesome if 
maintained for more than 30 minutes. 
However, when a change of this nature 
arises, it is counteracted by changing taps 
on the transformer. A drop in the supply 
voltage is more desirable than an increase 
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SECTION X-X 


Fig. 2. Idealized section of furnace 


A—Arc from electrode to metal 
B—Burned-out mix, silica, and ash with no 
carbon 

C—fresh mix 

R—Ceramic refractory . 


RC—Carbon refractory 


because the tap change is made toward 
higher furnace voltage which results in a 
better power factor characteristic. How- 
ever, voltage variations are not considered 
a serious problem. 


Loads 


GENERAL 


The amount of load delivered for any 
given volt-ampere demand is determined 
by the circuit supplying power to the 
electrodes and the reactance of the fur- 
nace transformer is the major factor here. 
In Fig. 3 the megawatts and power factor 
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ao a ® P 


A—Good operation 


POWER FACTOR 


MEGAWATTS 


4 5 6 
MEGAVOLT - AMPERES 


Fig. 3. Furnace characteristic 


Transformer =6.0 mva, 6.7% reactance 

High voltage =13.8 kv, 60 cycles per second 

Low voltage=(A) 100, (B) 105, (C) 110, 
(D) 115 


of the load are shown as functions of the 
megavolt-ampere demand. The rela- 
tionship is shown for the four voltages 
found to work best in this installation. 
These show that it is best to operate at as 
high a voltage as possible because of the 
higher power and power factor for any 
specific volt-ampere demand. This also 
results in a steadier load. Further, it is 
seen that for each voltage there is a maxi- 
mum power obtainable and further in- 
creases in volt-amperes result in reduced 
power and power factor. It is also appar- 
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B—Poor operation 


Fig. 4. Momentary and 15-minute load charts 
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. having 2-second full-scale travel.) 


ent that as this maximum power 
approached, there is little increase 
power for substantial increases in den 
with a corresponding serious drop 
power factor. 

In order to obtain the greatest pr 
tion, the load is scheduled to be as 
as possible within the limits detern 
by the electrical characteristics ¢ 
thermal limitations of the electric equ 
ment. A _ satisfactory compromise 
6.0 mva, which is the rating of the tra 
former and of the other electrical des 
features of the installation. Other loa 
are occasionally carried, but 6.0 mya & 
considered the normal load. The load 
scheduled by megavolt-ampere demai 
instead of megawatt load, in order to g 
full utilization of the electric equip: 
and to minimize demand peaks, 
which are directly involved in chanj 
voltage taps. 


MEASURED LOADS 


no definite peak load time. Fig. 
shows momentary and 15-minute Id) 
charts recorded when operation w: 
sidered to be good. (Momentary 
are from thermal converter instr ded 


period including a shutdown was ine 
to show that the full 6.0-mva lo 
dropped and again picked up wit 
tapering off or gradual increase. 
charts also show that no appre 


Fig. 5. Fifteen-minute load charts for 
load conditions (7,209x); identificati 
given in Table | 
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Table |. Identification of Charts in Fig. 5 


—=s 


Volts Megawatts Megavolt-Amperes Power Factor 
a NCO act Good wareer cle avelox DLO tyemtene sere 552-546 aarcoerneh Gre 68's. ders sae 0.80-0.87 
ere &: Goods © oh aaa.ac0 NO ipa ie eae 48-5). One cw ce tian Daim OlO, voters eis 0.80-0.87 
en Bad!) Ty sca... LOG tence Sid Ono ae A S=GUOe ction: 0.73-0.86 
ciara niga Beas ep yO) hea 8. BAO eo. 4 2-8. Oreon aa 


rush or surge is experienced from this 
pe of switching. While operating, the 
wer factor ranges from 0.80 to 0.87 and 
e demand has approximately 10% 
read [per-cent spread =100(maximum- 
imimum)/minimum]. In Fig. 5 and 
able I, the 15-minute load charts AWB: 
d D demonstrate the same character- 
ics and spread in values for other loads. 
nder these conditions no flicker voltage 
oblem has been noticed. 

Unfortunately, these normal steady 
ads do not always exist and what 
ght be called poor conditions sometimes 
esent themselves. There are several 
ocess difficulties which produce trouble. 


Such conditions are usually corrected 
within 2 or 3 days. The momentary and 
15-minute load charts in Fig. 4(B) show 
what happens under these conditions, In 
this case the problem only lasted 2 hours. 
Here the thermal demands remain sub- 
stantially the same as for normal loads. 
However, the momentary values are dis- 
tinctly worse with the spread increased to 
30%. Slight flicker is sometimes pro- 
duced. Infrequently, downright bad op- 
eration develops. No momentary charts 
are available to demonstrate this but a 
spread of more than 60% in demand is 
produced. Chart C of Fig. 5 and Table 
I shows that under these conditions the 


Discussion 


Tauber (The Detroit Edison Company, 
troit, Mich.): The information that the 
hor presents on the characteristics of a 
omerged-are_ silicon-smelting furnace 
buld be of great interest to those people 
signing power supplies for furnace loads. 
[he author points out that this load is 
mally stable, at good power factor, and 
nerally free from flicker problems. He 
9 points out that this submerged-arc 
mace load tends to be unstable, but 
ough proper control of the mix and the 
of the proper voltage, the unstable tend- 
ies can be cancelled out. He does, how- 
, caution that there is the possibility 
heavy load and power factor swings as 
las a potential flicker problem. 

_ understand that not only is the sub- 
Mrged-arc furnace being used in silicon 
elting, as described by the author, but 
for phosphorous, calcium carbide, and 
dalloy production. Some of these fur- 
es are very large and even exceed the 
pvolt-ampere capacity of the larger direct- 
furnaces. The nature of the charge and 
Size of the furnace may cause fluctua- 
is that could be disturbing to the power 


would expect that the submerged-arc 
ce would present a high-power-factor 
ance-type load that is relatively 
, because the electrodes are sub- 
d into the charge. However, since I 
stand that part of the current is con- 
d through the charge by small arcs 
en the granular parts of the charge, 
Id expect that a fluctuating load is 
le, depending on the properties of the 
Although the author describes a 
steady load for the silicon furnace, his 
of caution concerning the possibility 
uictuation may become increasingly 


EMBER 1959 


5 


important when serving other type, or larger 
submerged-are furnaces. For example, if 
the electrodes in a submerged-are furnace 
are individually controlled, one would ex- 
pect that, fairly frequently, one, two, or 
possibly all three of the electrodes would 
lose contact with the charge. The associ- 
ated load fluctuation may be undesirable. 
In the case of the phosphorous furnace, 
“cave-ins’’ have been described by others 
that may cause a ‘“‘splash’’ which changes the 
level of the charge or even a separation of the 
charge from an electrode. This, too, is a 
potential source of fluctuating load. 

Unless the electric energy supplier is fur- 
nished with complete electrical load char- 
acteristics similar to that so carefully de- 
scribed by the author, I am of the opinion 
that the submerged-arc furnace should be 
considered as a potential fluctuating load, 
and should be served with the same caution 
the electrical supplier uses when serving 
direct-arc furnaces. 

I should like to ask the author about this 
particular furnace and also about sub- 
merged-are furnaces in general. Althougha 
submerged-are furnace is generally con- 
sidered a resistance load under normal con- 
ditions, is the reactor in series with this fur- 
nace transformer used as a means of con- 
trolling load along with the taps on the 
transformer, or is it possibly used as a buffer 
to reduce voltage changes to the source? 
I would expect that, if are stabilization is 
not a factor, minimum circuit reactance is 
desirable to give the best possible power 
factor. I would also like to know how often 
“bad” operation is experienced. 

In an area where generally little informa- 
tion is available, the author should be com- 
plimented for supplying specific data on a 
submerged-arc furnace. I should like to 
ask if he has data available on other sub- 
merged-are furnaces, and if he would expect 
that larger furnaces would undergo the same 
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15-minute demand spread goes up to 40% 
with corresponding large swings in power 
factor. This is accompanied by a severe 
flicker voltage problem. The ability of 
the operating personnel is a major factor 
in avoiding undesirable operating condi- 
tions, in minimizing the magnitude of the 
swings in load, and in shortening the dura- 
tion when trouble is encountered. 


Conclusions 


This 6.0-mva load at 0.83 power factor 
is normally steady. Its prime require- 
ment is to be able to go on and off the 
line without creating a disturbance on the 
power supply system. No surge is in- 
volved in direct switching, no flicker 
problem is present, moderate voltage 
fluctuations are compensated, and out- 
ages up to 8 hours can be tolerated. 
However, process difficulties may occa- 
sionally arise which result in heavy load 
and power factor swings and in a flicker 
voltage problem. 


‘ 


percentage change between ‘“‘good”’ opera- 
tion and “‘bad’”’ operation, as does the 
furnace reported on? 


A. M. Killin (Electro Metallurgical Com- 
pany, Niagara Falls, N. Y.): Mr. Grant 
in his paper discusses the equipment and 
process for a 6,000-kva silicon-smelting fur- 
nace. The equipment consists of a stand- 
ard submerged-arc ferroalloy furnace of suit- 
able proportions for the manufacture of 
silicon metal. Smelting silicon consists of 
heating silica dioxide with carbon which 
produces the silicon metal with the release 
of carbon monoxide. A 6,000-kva trans- 
former is provided for power source. This 
transformer is equipped with reactors ad- 
justable in five steps from an inherent 6.7% 
to 31.2%. Controlled electric load of the 
furnace is obtained by raising and lowering 
the electrodes. Electrodes are controlled 
by a hydraulic system either manually or 
automatically controlled. 

Operations of the silicon-smelting furnace 
are very steady. The monthly operating 
load factor is around 90%. Maximum 
operating time is beneficial not only in in- 
creased production but in the reaction in the 
furnace. 

In Mr. Grant’s paper he has brought out 
variances and operating conditions due to 
load changes. In some cases it may be 2 to 
3 days in order to correct poor furnace 
operating conditions. The ability of the 
operating personnel is a major factor in 
avoiding undesirable operating conditions 
and minimizing the magnitude of load 
swings. 


George Grant: I am not associated with 
any installation other than that presented 
in the paper and am therefore in no position 
to discuss such equipment. 
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Mr. Tauber points out the fact that sub- 
merged-are furnaces are used for phospho- 
rous, calcium carbide, and ferroalloy pro- 
duction. There are many more of these 
than there are silicon-smelting operations, 
and the manufacture of some refractories 
and abrasives can be added to the list. 
Some of these installations use as much as 
35,000 kva. 

Individually controlled electrodes can 
theoretically produce conditions such as 
suggested by Mr. Tauber. However, in 
our installation using this type of control, no 
problem has been experienced that was 
traceable to such conditions. 


The transformer was originally built for 
an entirely different application. The 
series reactor was included to fit that job. 
In this operation it is not used for are stabi- 
lization. Reactance of less than the in- 
herent 6.7% woud give more desirable 
power, power factor, and voltage regulation 
characteristics. Added reactance has been 
tried as a buffer to reduce voltage changes 
to the source. This produced dubious re- 
sults. 

“Bad” operation has been experienced 
three times since the furnace was put into 
service in 1954. These were all encountered 
during the first year of production while 


Electrified Fibrous Ajir Filters 


J. W. THOMAS 


NONMEMBER AIEE 


HERE are two principal methods of 

separating suspended particles from 
air: mechanical separation and electro- 
static precipitation. Mechanical separa- 
tion includes dry-type filters, cyclones, 
water scrubbers, and gravity settling 
chambers. Dry-type filters are com- 
monly used in air conditioners. Mechant- 
cal separators depend on inherent 
differences in size and density existing 
between particles and the gas in which the 
particles are suspended. In contrast, 
electrostatic precipitators cause a differ- 
ence between properties of particle and 
gaseous medium; that is, either the 
particle is charged in an ionizer! or, with- 
out an ionizer, the particle undergoes 
polarization in the field existing between 
charged plates of the precipitator. 

The principal mechanism of removal in 
mechanical separators of preponderant 
interest is inertial impingement. In 
essence, this removal method consists of 
turning the direction of the air stream, 
which causes particles to be thrown out 
by their inertia onto collecting surfaces. 
Unfortunately, it is necessary to exert 
force on the entire air stream. Hence, the 
operation causes a pressure drop which in- 
creases monotonically with separation 
efficiency. 

Electrostatic precipitators do not suffer 
from this defect. It is not necessary to 
turn the direction of the air stream since 
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the applied field acts directly on the par- 
ticles alone. Hence electrostatic pre- 
cipitators have the inherent advantage of 
high efficiency at very low pressure drop. 
However, ordinary electrostatic precipita- 
tors are not satisfactory where size is at a 
premium. Size of the precipitator can be 
reduced without sacrificing efficiency by 
spacing the plates closer together, but 
there are definite limits to this process. 
However, choice is not limited to pure 
mechanical filters or electrostatic precipt- 
tators. It is possible to insert Fiber- 
glas into an electrostatic precipitator, giv- 
ing an “electrified fibrous air filter.”’ The 
principal feature of this combination filter 
may be seen from the following example. 
Consider a parallel plate precipitator 
having a plate spacing of 1 inch, with a 
particle-laden air stream moving through 
parallel to the plates. Because of the 
field gradient between the plates a 
charged particle will have a velocity com- 
ponent perpendicular to the air flow direc- 
tion. A particle in the center of the spac- 


Fig. 1. Electrified pleated 
filter 


entirely inexperienced personnel were lea n 
ing the rudiments of such an operat 
Generally speaking, bad and poor loa 
mands are produced when more load i 
pressed on the furnace than its conditio 
gracefully accept. 

It might be expected that bigger furna 
operated poorly will result in somewh: 
same percentage change between good 
bad load swings. = 

As pointed out in the paper, there is 
question that in smelting silicon the s' 
ness of the load is primarily a functi 
the ability and philosophy of the oper 
personnel. 


ing will have to travel 1/2 inch perpendi 
ular to the air flow direction before ben 
deposited on a surface. Consequer 
if air velocity is too high or the precipit: 
tor too short in the direction of air flo 
the particle will not be collected. 
ever, if the spacing is now packed w it 
low-density fibrous filtering material, 
particle will have only a few thousant 
of an inch to travel under influence of 
field before contacting a collecting surf 
Thus much higher efficiency can be 
pected at some sacrifice in pressure dro’ 
This investigation of electrified fibro: 
filters was undertaken because of @ 
ficiencies of pure mechanical filters” 
electrostatic precipitators for air-cone 
tioner application. Principally, it w . 
desired to obtain filters that were tek 
tively small and cheap yet which had 
pressure drops and high efficiency im 
moving cigarette smoke. Efficiencie 
electrified fibrous filters were determi 
without attempting to precharge the 
aerosol, using cigarette smoke as a 
aerosol. This is a common smoke, 
is made conveniently by a cigaret: 
smoking machine. Average size of 
arette smoke is below 1 micron in diam 
probably about 1/2 micron, althe 
authorities differ.2 Cigarette smok 
much more difficult to filter mechani 


Fig. 2 (left). a 
Section of filter —— 
of Fig. 1 


Fig. 3 (right). 


One-inch precip- 
itator 
an larger particles such as ragweed 
lien, and its is probable that if a filter- 
§ device efficiently removes cigarette Test Procedure Quantity K/S is the ratio of coefficient 


n0ke it will also efficiently remove any 


: ; of reflectivity to coefficient of light scatter- 
let air-borne particulate matter, 


Filters and precipitators were tested in ing. Under certain conditions this quan- 
ducts at 50-, 200-, and 400-foot-per-min- tity is a linear function of mass of discolor- 
est Filters and Precipitators ute superficial face velocity. Concentra- ing component present on the surface of a 
tions of cigarette smoke influent and white object. Quantity R is fractional 
effluent from a test filter were deter- reflectance of the sample referred to re- 
fied fibrous filter. This filter is of mined by sampling about 0.3 cubic foot _flectance of magnesium oxide as unity. 
berglas media, electrified, and pleated of smoke through a high-efficiency white If the equation holds for cigarette smoke a 
provide a very large surface area which filter paper. It was not necessary to plot of (K/S)s—(K/S)o against quantity 
eatly reduces the pressure drop through sample isokinetically since the particle of smoke collected should give a straight 
e filter. This particular filter has 8 size of cigarette smoke is sufficiently small line with zero intercepts. Subscript s 

are feet of filtering area per square that errors do not arise from nonisokinetic refers to the sample filter and subscript 0 
ot of superficial area, which is the area _ conditions. to a clean white filter. Two experiments 
closed by the outside edges of the filter. Relative amounts of cigarette smoke were made to test this relationship. 

g. 2 shows the unfolded Fiberglas media. deposited on the white filters were deter- In each experiment a cloud of cigarette 
ne dark lines spaced 0.31 inch apart, are mined by measuring the reflectance of the | smoke was set up in a 1,200-cubic-foot 
mducting channels. Alternate channels brown stains caused by the cigarette closedroom. This smoke dissipates very 
eat a 3,000-volt potential with respect .roke. From teflectance readings, effi- slowly. Multiple smoke samples were 
adjacent channels which are grounded. ciency of the test filter was determined. taken for known, different times, giving 
Pwo test electrostatic precipitators were It was necessary to convert the reflect- | known ratios of smoke quantity on the 
ade from a 4- by 4-inch Lucite housing, ance reading of each sampling filter into Sampling filters. Fig. 4 shows the results. 
tted at top and bottom to receive 0.060- a quantity proportional to mass of |The two curves are at different smoke 

“thick aluminum or copper plates. cigarette smoke on the filter. Since the Concentrations. Both curves show that 
le precipitator was 14.5 inches long in Kubelka-Munk equation has been usedin the Kubelka-Munk equation applies 
® direction of air flow, and used plates 4 cloth-soiling studies? to convert reflect- fairly well although there is some diver- 
hes wide by 14 inches long spaced 0.91 ance readings into quantities proportional gence from proportionality. 
sh apart. The other precipitator was to mass of soil of the cloth, it is possible Test filter efficiencies were therefore 
nilar but was only 1 inch long in the that this equation also could be used for calculated as follows where the subscript 
Section of air flow. Fig. 3 shows the 1- assessing cigarette smoke. The equation 4 refers to the influent sample, subscript 


h precipitator. Both precipitators Ph B to the effluent sample, and subscript o 
e used empty, and packed with Fiber- to a clean white filter. 


s Bo eek (K/S)a—(K/S)p 
(K/S)a—(K/S)o 
Results of tests of the pleated filter, 


Fig. 1 shows a commercial-type elec- 


Per-cent efficiency = 


Fig. 4 (left). Test of Kubelka- 
Munk equation} 


100 
80 
= 
ee 
ul 
“60 
a 
ud) 
a 
“40 
¥ 
: 
Fig. 5 (right). Efficiency of os 2 
pleated filter ie ; 
ie 
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EFFICIENCY, PER CENT 


10} 100 200 300 400 
AIR VELOCITY, FEET PER MINUTE 


Fig. 6. Efficiency of 14.5-inch precipitator 


1—Fiberglas, no field 

9—No Fiberglas, 23,500-volt-per-inch field 
3—Fiberglas, 10,700-volt-per-inch field 
4—Fiberglas, 23,500-volt-per-inch field 


illustrated in Figs. 1 and 2, are given in 


Fig. 5. Pressure drop was 0.02 inch of. 


water at 200-foot-per-minute superficial 
face velocity, and 0.04 inch of water at 
400 feet per minute. The curves show 
that application of the field more than 
doubled efficiency at flow rates between 
50 and 500 feet per minute. 

Fig. 6 shows performance data of the 
14.5-inch precipitator. Pressure drop 
when Fiberglas loaded was 0.18 inch of 
water at 200-foot-per-minute superficial 
air velocity and 0.55 inch of water at 400 
feet per minute. Without Fiberglas, 
pressure drop was less than 0.01 inch of 
water at both velocities. Curves 3 and 4 


e 
fe) 
(e) 


EPRICIENCY, PER CENT 


ie} 100 200 
AIR VELOCITY,FEET PER MINUTE 


Fig. 7. Efficiency of precipitator of Fig. 3 


4—5,500-volt-per-inch field 
9—11,000-volt-per-inch field 
3—20,000-volt-per-inch field 


show improved efficiency resulting from 
impressing a field gradient on Fiberglas 
packing. Improvement was better than 
a factor of five, as shown by a comparison 
of curves 1 and 4, in the air velocity range 
of 50-400 feet per minute. 

Also, results show that for a precipitator 
operating on natural cigarette smoke a 
great improvement in performance may be 
obtained by packing the precipitator with 
Fiberglas, at some sacrifice in pressure 
drop. 

Fig. 7 shows performance data of the 
l-inch precipitator illustrated in Fig. 3. 
Pressure drop in this Fiberglas-packed 
precipitator was 0.03 inch of water at 


Deep Ground Beds for Cathodic 


Protection 


S$. E. TROUARD 


MEMBER AIEE 


HE SUCCESSFUL application of 

cathodic protection to wundergound 
structures in the crowded confines of a 
large metropolitan city presents problems 
of cathodic protection co-ordination cer- 
tainly more acute and perplexing than 
those ordinarily encountered in cross- 
country work. It is frequently very diffi- 
cult to find a suitable location for a ground 
bed in a particular area requiring protec- 
tion. 

The farther a ground bed can be lo- 
cated from foreign structures, the less di- 
rect current pickup from the ground bed 
will be found on the structures. Yet in 
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a large city it may be impossible, or at 
least impracticable, to find a spot for a 
ground bed where more than 20 or 30 feet 
horizontal separation from foreign struc- 
tures can be secured. 

The radical new concept of introducing 
cathodic protection currents into the 
earth from a ground bed located a consid- 
erable distance below the earth’s surface 
was originally suggested in 1951 by Rob- 
ert J. Kuhn, New Orleans, La., Corro- 
sion Consultant. As a result of the co- 
operative effort of New Orleans Public 
Service Inc., engineers and of Mr. Kuhn, 
the designs for deep rail ground beds men- 
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200-foot-per-minute superficial air Ve 
locity and 0.06 inch of water at 400 
per minute. Curves 1 to 3 show 

taken with both Fiberglas packing an 
impressed electrical field. Data were 
obtained for electrical field only or Fiber 
glas only as efficiencies were too low t 
measure accurately, being of the order c 
2% or less. Again, the data show gre 
improvement caused by impressing 2 
electrical field on Fiberglas material. — 


| 
' 


Conclusions 


J 
1. Cigarette smoke filtration efficiency 
Fiberglas filtering media can be improve 
greatly by impressing a field gradicaiiae 
the media. 4 


2. Improvement is synergistic: that i 
efficiency of a Fiberglas-packed precipitate 
is considerably greater than that calculate 
from efficiency of each effect separatelle 


3. Air-conditioner filters 1 inch thick Z| 
be made to have 50% efficiency in filter 

cigarette smoke at 200 feet per minute < 
less than 0.05-inch pressure drop by 
Fiberglas-packed electrostatic precipi 


References 


1. PartictE CHARGING IN ELECTROSTATIC — 


CIPITATION H. J. White. AIEE Transacti 
70, pt. II, 1951, pp. 1186-91. 
.2. CONCENTRATION AND PARTICLE 


CIGARETTE SMOKE PARTICLES, Gerhaaea ian 
M. A. Fisher. Archives of Industrial 
Chicago, Ill., vol. 13, 1956, pp. 372-78. 


3. DertTEeRGENT Action, O. C. Bacon, J. E. 
Industrial and Engineering Chemistry, Washing 
D. C., vol. 40, 1948, pp. 2361-70. 


tioned in this paper were developed. 
first deep rail ground bed in New Of 
was installed on December 21, 
This new idea of deep ground beds has 
ceived rather wide public acceptant 
evidenced by the fact that a large n 
of deep ground beds have since been 4} 
stalled by other utilities, particularly y| 
the southern states, and even as far ‘ 
as Iran. 

There are two separate and dis 
problems of cathodic protection co: 
nation. The first problem, illustrat 
Fig. 1, is the anode effect, or the 
pickup effect on the foreign struc 
from the ground bed. This can be 
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NOVEMB 


RKC 


VOLTS 


Potential of line 
under protection 


red so small as to be undetectable by 
acing the ground bed at a great distance 
om the foreign lines. With conven- 
al shallow ground beds this would be 
pst difficult to accomplish where the 
eign lines are in the form of a network 
th mains on every street and cross 
eet. 

The second problem may be called the 
thode effect. This effect is independ- 
It of the location of the ground bed. It 
beyond the scope of this paper to discuss 
rs and means of coping with this par- 
lar phase of the co-ordination prob- 


For the cathodic protection of the 
d steel gas main system in New 
ns, three different types of ground 
is are employed: 


Conventional shallow rail ground bed as 
wn in Fig. 2. Provided a suitable loca- 
can be secured, this type of ground bed 
erally preferable because it is the least 
sive ($250 installed). The used rails 
approximately one ton and such a 
d bed is designed conservatively for a 
life with a 5-amp (ampere) current 
arge, assuming that only half of the 
would go into solution, and the rest 
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+ 
To rectifier-2_ 


Le rs R77, 7 Si ae 


alr 


DISTANCE 


Fig. 1. Direct ground bed effect 


lost by segregation. Actually, in this de- 
sign the inner faces of the rail webs will dis- 
charge but little current because of mutual 
interference effects. Thus, rather than 
obtain only 50% use of the metal, closer to 
75% would be secured and the losses from 
segregation would be reduced, hence the 
actual life of the ground bed would be longer 
than the 10-year figure mentioned. In 500- 
ohm-cm (centimeter) soil, the resistance to 
earth of this type of bed ranges from 0.5 to 
1.0 ohm. 


2. Deep rail ground bed, construction 
details of which are shown in Fig. 3. In this 


2-30' USED RAILS 


SNES SU USNS 


Conventional shallow ground bed 


Line under protection 
Foreign line 


Schematic potential relationships of earth, foreign line, and line under protection from conventional shallow ground bed 


type of ground bed, a hole is drilled in the 
earth nominally 8 inches in diameter, but 
actually closer to 9 inches in diameter, 250 
to 300 ft (feet) in depth. Two 30-ft lengths 
of 100-pound-per-yard used T-rails are 
lowered into the hole by means of a 1/4- 
inch-diameter wire rope. The rails are 
joined together longitudinally by means of 
rail joint plates, and a separate wire with no 
splices is brought from each rail length to 
the surface of the earth. The resistance to 
earth of this type of ground bed is in the 
general order of 0.2 ohm, excluding lead- 
wire resistance. The installation is de- 


Fig. 2. Typical rail 
ground bed for 
cathodic protection 
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PLAN VIEW 
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tor- 0" ¥-0" 
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4X 2" STRAPS- WELD 
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OF RAILS. SEE DETAIL“B 
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STRAPS 


END VIEW 
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signed for 5-amp current discharge and its 
estimated life is 10 years, estimating that 
only half of the 2,000-pound weight of iron 
would be consumed by the current discharge 
and the balance lost by segregation. Rails 
were used because of the availability of a 
fairly large surplus of used rails, salvaged 
from discontinued streetcar lines. Various 
other materials, such as graphite or high- 
silicon cast iron, could be used instead of 
rails for the anode. The cost of such a 
ground bed installed is approximately $759. 
In congested areas the $759 results in a 
cheaper installation than the $250 conven- 
tional shallow ground bed because of the 
elimination of expense of trial ground beds 
and joint testing with other utilities. 


3. Deep stalk rail ground bed, construction 
details of which are shown in Fig. 4. This 
type of ground bed consists of 12-30-ft 
lengths of 100-pound-per-yard used T-rail 
inserted vertically into a drilled hole 360 ft 
deep, with the top of the uppermost rail 
practically flush with the ground. The 
cost of sch a bed, designed for 10-year life 
at 30-amp current discharge, would be 
approximately $1,750 installed. This type 
of ground bed has an extremely low resist- 
ance to earth, in the order of 0.05 ohm, as 
will be shown later. 


The resistance of a metal hemisphere 
buried at the earth’s surface, flat side up, 
to any shell of earth concentric to the 
hemisphere is given by the equation: 


(1) 


The resistance of metal sphere buried 
deep in the earth to any shell of earth con- 
centric to the sphere is given by the equa- 
tion: 


Be PAIN DE 
4a Mize 4nr\n 7 


where 


(2) 


Rr=resistance in ohms of the earth to a 
distance r from center of hemisphere 
(or sphere) measured in cm 

p=uniform soil resistivity in ohm-cm 

7, =radius in cm of hemisphere (or sphere) 

y=distance in cm from center of hemisphere 
(or sphere) to which resistance to 
earth is to be computed 


Comparison of equations 1 and 2 re- 
veals that the resistance of a deep spheri- 


cal ground bed to a distance 7 cm for 
the center of the sphere is only half tha 
of a hemispherical ground bed buried a 
the earth’s surface, the resistivity of 
soil being the same. Table I show: 
resistance of a hemisphere of 1 
radius, or roughly 1 ft diameter to eart 
at various distances from the center of 
hemisphere, and corresponding volt 
drops caused by the discharge of 10 ams 
from the hemisphere. For comparigc 
it also shows corresponding calc 
resistances and voltage drops for 10-am 
discharge from a deep spherical gr 
bed, the soil resistivity in each case b 
for sake of simplicity in calculations 
ohm-cm, a value which is commonly 
countered in the New Orleans 
Note that for the deep sphere, the v 
of resistance and voltage drops are @ 
half those of the shallow hemisphere. 7 
the New Orleans area, the so 
Pleistocene Layer is encountered bel 
75-ft depth. Soil in this layer is 
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Fig. 3. Construction details for standard deep vertical rail ground bed 
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Table 1. Voltage Values in Earth Surrounding a Hemispherical Ground Bed at Earth Surface 
and a Deep Spherical Ground Bed, Each Discharging 10 Amp 


a eee 


Distance From Center 


of Hemisphere Hemisphere* Sphere* 
or Sphere (r) SS 
Resistance, Voltage Drop Resistance, Voltage Drop 
Cm Ft Ohms (Rr) from Center, Volts Ohms (Rr) from Center, Volts 
ai a oe? 
Gh. ee AES Oo COGOOee Ope Oe eh aggono.00 4 B32 state acsatoe ONT: “Waycross 2.10 
ON sn heeceen OOO e Di Vieeweirameoocdave My fetes Bn eee eae OFSS5ie Eas rar 8.85 
BOM onee ORGS eis 3°33. snvetearenenentt: CEG) sea nectoeracs mo 12.665 eerdan omnes 16.65 
BON ce He riies eistore atetapst cts Bi LOOl siete te orscteteeens ‘BO Ol iaererale eurceerees DAB W ieacractecee 25.0 
(Nett Aarts Ory aeoener ena 5 BG: 1 cemeteries siernetens ins): VObagonebeeur ete nau se one 27.8 
LWAN, eta SU OCD Ute me B83 or aieaaocntens CAS ae we coon OD. 2 96B  aiinds setae 29.65 
g Uti )ee cas nen orecrea hs cac (RUE aAorimeetnr, ott GO. Owe tects ulema ee S100) — axecnscs a arsterone 30.0 
58-71 oa. Goo choo OOD (EER ee cect nina 61.1 eS (OBE: Mertacre later 30.55 
PO Aap no escadd o ante Gij10 8 hers sce etek: GL OP iecterenctae atesate 3\ 095) cine metiewecen 30.95 
300 G25. O'.88 i ncrss oes GEE Pe Seinen 63) Bienen. eerece 3 UGB play Selatmet 31.65 
5 OOO cess OSFAe amar (aCe Betokocoucce GS) ce sie c nate ote 3315, Mees pemuettts 33.15 
30,000... .. OS): eatocpeve GxXO6S erecta te eee (Gia oro aso cose 33315 neces. 33.315 
B00 000 siete cpissclersisie'sceler=. «snl GROGGicene nee ese 665.66 too sy et teies OE OOS: Meteveucepetarenet 33.33 
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p = 628 ohm-cm. 
# Radius of hemisphere and sphere is 15 cm (1). 


layer is light tan in color due to oxidation 
and is rather stiff. At the 250-300-ft 
depth the clay is dull gray in'color and 
less stiff. The soil is wet, being always 
well below the natural water table. It is 
not intended to imply that a shallow 
horizontal ground bed such as shown in 
Fig. 2 is, in the strictest sense, a hemi- 
spherical ground bed, or that the deep 
vertical ground bed shown in Fig. 3 is a 
spherical ground bed, but, in the final 
analysis, each may be thought of as ap- 
proaching these respective hypothetical 
types of ground beds in so far as the JR 
drops near the surface of the earth caused 


by current discharge from them is con- 
cerned, Within the approximately 100 
ft of earth which would be appreciably 
influenced by the shallow horizontal 
ground bed, this type of ground bed 
would have only a hemisphere of earth 


100 ft in radius in which to dissipate its 


current discharge. But the deep vertical 


bed would have a sphere of earth, of the 
sate radius, in which to dissipate, hence 
IR drops near the surface of the earth 
caused by current discharge from the 
shallow ground bed would be substanti- 
ally higher than would be JR drops near 
the surface of the earth caused by the 
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same amount of current discharging fron 
the deep vertical ground bed. Fo: * 
practical purposes, the same net ef 
could be attained by locating the shal 
low bed the same distance laterally fron) 
the foreign structures as the deep ground 


tures vertically. In a city crow 
with networks of foreign structures, +] 
is virtually impossible to secure thi 
desired clearances laterally which Ca¥ 
easily be attained vertically by use. ‘ 
the deep ground bed. 

In Fig. 5 resistance and voltage dio 
data from Table I are plotted on semild 
paper, predicated upon the same soil ri 
sistivity at great depth as that encom 
tered at shallow depth. Note that tf 
steepest part of the lower curve woul a 
at points in the earth 250 to 300 ft belo 
the earth’s surface and, therefore, 22 
to 300 ft from the closest foreign lime 
Therefore the advantage of the fee 
ground bed in the solution of the 2 
troublesome part of the cathodic protey 


} 
tion co-ordination problem should b j 
| 


i 


vious. 

Fig. 6 shows the location of two de d 
stalk rail ground beds at a large elec 
substation. 
field data to demonstrate the earth effe | 
shown in Figs. 7 and 8, the rectifier w 
temporarily set at 55 amp, 7.0 vol 


MANHOLE —— 


GROUND LINE. 


TOP 60° CLEANED, PRIMEDv 
NOT cOATED--— 2 _| 


12- 30' RAIL LENGTHS 
TIED TOGETHER BY — 
JOINT PLATES AND — 
BOND WIRES. 


RAIL GROUND BEDS 


NEAR SURFACE.) 


LEVATION VIEW OF TWO DEEP 


DEEP GROUND BED,I= 22AMP APPARENTLY 
SOME BAD COATING ON TOP OF 60! RAIL, 


CUSO, ELECTRODE 


IN REMOTE EARTH C@ 


bl 


THIS 1000 MCM TIES 
TO COMMON NEUTRAL 
(which is tied to bore 
water mains.) 625° 
BEYOND SARATOGA ST. 


ss 


fe -DEEP GROUND BEDS~ 


RESISTANCE OF WIRE TO 
CATHODE 0.046 OHMS 


VALENCE 
SUBSTATION 
BUILDING 


SCALE: 1"= 50'-0° 


Fig. 6 (above). Location of deep vertical rail ground beds in Valence 
Substation yard 


Fig. 7 (below). Earth gradient in line over two deep ground beds 
(line AB) 


Total current from rectifier to two deep ground beds=55 amp at 7.0 
volts 
All readings are A potential difference measurements in volts between 
CuSO, electrodes in earth at points plotted and a CuSO, electrode in 
remote earth 


DEEP GROUND BED I=33 AMR 


APPEARS TO BE 
APPROACHING CATHODE 


(BARE WATER MAIN) 42 


300 330 360 396 


210 240 
DISTANCE IN FEET 
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050 


0.45 


0.40 


035 


0.30 


Q25 


OV IN VOLTS 


0.20 


ais 


0.05 


bonded solidly to the bare cast-iron water 
Pipe system more than 1,000 ft away. A 
profile of change of earth potentials re- 
ferred to a remote copper sulfate (CuSOx) 
electrode was measured at 10-ft intervals 
along line AB, and also along line CD 
which is normal to the first line. Note 
the position of the bare cast-iron water 
mains in Fig. 6 for, as shown in Figs. 7 and 
8, the collection of current on these bare 
mains, even though the drainage point is 
more than 1,000 ft away, causes notice- 
able earth gradients towards the water 
mains. 


Fig. 7 shows a profile of change of earth 
potential across line AB. Each point 
plotted is the change of potential between 
rectifier-off and rectifier-on readings of a 
CuSO, electrode placed at each point 
plotted and a remote CuSO, electrode. 
One ground bed was discharging 22 amp 
and the other 33 amp, at 7.0 volts. Note 
that the change of earth potential is 
higher at the ground bed discharging 22 
amp than at the ground bed discharging 
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Fig. 8. Earth gradient in line normal to line between two d 
ground beds, and mid-way between the ground beds (line C D) 


see GROUND BED,I=22 AMP. 


42' TO DEEP 
GROUND BED 


T= 33 AMP 


60 80 100 120 
DISTANCE IN FEET 


33 amp. The top 60 ft of each of these 


particular rail ground beds is coated, but 
apparently there must have been a bare 
spot on the coating of the one discharging 
22 amp which causes the relatively high 
peak shown. Actually, however, the 
values are quite small, but are plotted on 
a large scale. A total of 55 amp is being 
introduced into the earth here and the 
highest point of earth rise is only about 
0.35 volt right at the ground bed. 
Within 100 ft this drops to less than 0.1 
volt. Note the sharp drop in the earth 
potential at the right-hand side of the 
curve, as the bare water main is ap- 
proached. On the left-hand end of the 
curve, another water main is crossed but 
practically no effect is shown. This indi- 
cates high-resistance caulked joints in the 
water main system, such that this main 
is not tied in too solidly to the balance 
of the water main system. 

Fig. 8 shows another profile along a 
line CD which is normal to the first line, 
and mid-way between the two rail stalks. 
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42' TO DEEP GROUND BED 


eee GROUND BED 


EFFECT OF COLLECTION 
ON CATHODE CBARE WATER MAIN) ae 


See subcaption, Fig. 7 


160 180 200 


at the 180-ft mark. This is right 0) 
the 12-inch bare cast-iron water maj 


ft away. 
Table II shows the resistance to eaa 
of various deep or vertical rail 
ground beds in the New Orleans Put 
Service Inc., system. ; 
The 300-ft stalks are very low it 
sistance, being approximately 0.05 obi 
as shown by the first, second, and ll] 
items in Table II. The balance of || 
installations listed include lead-wire 
sistance which 
from the values shown in order to ok 
the true resistance of the ground bedd 


the no. 8 lead wire were subtracted 
the installation at Roman near Tula 
which consists of two 30-ft-length 

250 ft in depth, the true resistance 
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Fig. 9. Voltage gradient comparison of deep and shallow ground beds at Painters and Benefit Streets 


Rectifier settings for deep ground bed: 
Rectifier settings for shallow ground bed: 


ble Il. Resistance to Earth of. Various 
Deep Rail Ground Beds 


Resistance 
ocation and Date to Earth, 
Installed Description* Ohms 

lence Substation 

MNEs sce soc Bueip6ga, asarithsss (A)... 0.047 
lence Substation 

How? (4—-15-54).........:. (A).. 0.049 
ineral Pershing near 

Rendon (12—18-53)....... (Bytes OLaLet 
man near Tulane 

> LORDS eee Be 02) paecooeer 0.251¢ 
nal Boulevard near 

Robert E. Lee 

(| DE) eee a eee (B) oo aerate 0.2337 
Pnville Plaza no.1........ (Gee sae On884F 
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ashington Square 
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A—360 ft of 100-pound-per-yard T-rail, top flush 
th ground, top 60 ft coated. 

3—Two 30-ft lengths of 100-pound-per-yard T- 
1, bottom 250 ft deep. 

>—Four 30-ft lengths of 100-pound-per-yard T- 
bottom 390 ft deep. 

—360 ft of 100-pound-per-yard T-rail, top flush 
ground, all bare. 

udes resistance of no. 6 (or no. &) wire from 
tifier to rails (R/1,000 ft no. 6=0.394 ohm; 
} §=0.627 ohm). 

5 

OVEMBER 
P 


1959 


Trouard, Wagner, 


earth would be 0.17 ohm. Two rails side 
by side, buried horizontally 9 ft deep, 
would be 0.5 ohm, so it can be seen that 
in the New Orleans area extremely low 
resistance to earth can be secured when 
the rails are located deep. 

Fig. 9 shows, in one illustration, a 
number of changes of earth potential 
caused by 10-amp discharge from a shal- 
low bed and later from a deep rail ground 
bed, the ground beds not being energized 
simultaneously. Change of potential 
difference readings between a CuSO, 
electrode at various intervals and a re- 
mote CuSO, electrode were measured in 
a line directly over the shallow bed, and 
in rows 2, 7, 22, 47, and 97 ft away from 
and paralleling the shallow ground bed. 
Another set of readings was made directly 
over a deep rail ground bed and in rows 
5, 10, 25, 50, and 100 ft away from the 
deep rail ground bed. The results of these 
tests were plotted as shown, and demon- 
strate that even for 10-amp discharge in 
500-ohm-cm soil, appreciably steep earth 
gradients are encountered for the shal- 
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1=9.75 amp; E=3.0 volts (d-c) 
1=10.1 amp; E=10.7 volts (d-c) 


low bed, whereas for the deep bed, the 
curve is flat. 


Conclusions 


The advantages of deep ground beds 
may be briefly summarized as follows: 


1. Full rectifier capacity is available for 
protection of structure to be cathodically 
protected. No current need be drained 
from foreign lines because of direct pickup 
effect. This means elimination of dis- 
tributed drainage system for foreign lines, 
with consequent savings. 


2. Lower power costs result because of 
drastically reduced ground bed to earth 
resistance. 


3. Smaller space is required for a deep 
ground bed. 


4. Deep ground bed can be installed at any 
convenient location. No right-of-way prob- 
lems are involved. 


5. Cost of cathodic protection coordination 
tests is practically eliminated since current 
pickup on foreign lines is negligible. 


6. No time is lost in surveys to find suitable 
locations for conventional shallow ground 
beds. 
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D-C Electric Drilling Rigs: Application 
and Operation | 


E. E. HOGWOOD, JR. 


ASSOCIATE MEMBER AIEE 


HE d-c variable voltage drive for 

diesel or gas-electric drilling rigs has 
gained considerable popularity since the 
introduction of lightweight Jow-cost 
electric equipment. However, quite 
often not sufficient advantage has been 
taken of the intermittent capability of the 
generators and motors, both from an 
application and operational standpoint. 
This paper presents information derived 
from an analysis of actual operating test 
data which should assist users, rig builders, 
and operators in applying and operating 
electric drives more effectively on drill- 
ing rigs. 


Electric Equipment Selection 


The electric equipment selection for 
a diesel-electric drilling rig should first 
recognize the over-all power require- 
ments. Formerly, the hoisting load 
was predominant and its size influenced 
the selection. On modern drilling rigs, 
the mud pumps are the largest single 
load; thus, their horsepower require- 
ments are a deciding factor in the choice 
and number of engine-generator sets for 
the power plant. Two, three, or four 
sets are usually selected depending on 
engine size, degree of reliability desired, 
and the load requirements. Once the 
engines are selected, the generators, 
motors, and control should be chosen. 
This paper starts with the generators 
since they are the first link in any electric 
drive system or transmission. 


GENERATORS 


The first requirement in the selection 
of the d-c generator is that it have char- 
acteristics which will suitably match the 
engine. An engine is essentially a con- 
stant-torque machine from which variable 
hp (horsepower) can be obtained by speed 
variation. Its rated horsepower is ob- 
tained at maximum rated speed; there- 
fore, it is important that the generator 
match the maximum continuous hp and 
speed of the engine. Second, the gen- 
erator output volts and ampere rating 
or some multiple of either must also 
match those of the motors being con- 
sidered. 

Fig. 1 shows the desirable volt-ampere 


286 


and kw-ampere characteristic for a drill- 
ing generator. The engine horsepower is 


expressed in generator output volts and ; 


amperes. The generator voltage is maxi- 
mum at zero current and decreases 
or droops with increased load to a mini- 
mum when the current is greatest. This 
generator characteristic fixes the maxi- 
mum no-load speed and stalled torque de- 
veloped by a separately excited motor 
connected to it The motor performance 
curve is very similar to this curve with 
volts and amperes being replaced by speed 
and torque respectively. Also, this char- 
acteristic limits the peak engine load to a 
value which can be preset by simple ad- 
justment of the maximum generator 
excitation. The product of volts and 
amperes results in the kw curve shown. 
As the load amperes increase, the engine 
loading first increases to a maximum, and 
then decreases. The engine is unloaded 
at both low and high currents and is 
fully loaded on a small portion of the 
curve. Therefore, the generator should 
be selected so that its peak kw exceeds 
slightly the continuous engine output. 


Five- to ten-per-cent overload on the 


engine at peak kw is permissible and de- 
sirable when required. Overloading al- 
lows the system to operate at or near 
peak power over a wide load range. 


The electrical rating of the generator 
is established on the basis of a contin- 
uous ampere load and a permissible tem- 
perature rise. It is usually not possible 
to take advantage of the full intermittent 
capability of the generator even on cyclic 
loads because it is desirable to limit the 
maximum loading on the engine. The 
generator kilowatt rating converted to 
horsepower should match the continuous 
output of the engine. 

During recent years available generator 
frames and ratings have led to the applica- 
tion of one or two types of generators to 
a wide range of engine sizes. This pro- 
cedure has many advantages for both the 
user and the electric equipment manu- 
facturers. First, it offers low-cost low- 
weight electric equipment on a short 
delivery basis. Second, it is possible to 
adjust the generator peak output so that 
a number of different oil field engines can 
be matched. Third, the motors and gen- 
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where 


erators are practically duplicates whi 
minimize spare parts requirement 
Fourth, any necessary repairs can I 
handled quickly in the repair shopsiibel 
cause of available standardized parts. 


Morors 


Consideration must be given to Thi} 
drive requirements when selection of tht 
motor is made. Consider the drawwoi : 


designed for an electric drive. 
curve shows the performance of two 1,00] 
hp motors receiving power from three 80 
hp engine-generator sets. The 
works has only four forward gear ratid 
and no reverse gear since reversing 
accomplished electrically. | 

The drawworks is usually rated in in Py 
hp (while hoisting) based on the load @ | 
resultant hoisting speed. This rata 
may be expressed as hoisting power andi 
calculated by the following equation. 


Pa eNGn 


Hoisting P == 
oisting Power 33,000XEpw 


P,=fast line pull in pounds 

Nz,=fast line speed in fpm (feet per 
ute) 

Epw =efficiency of drawworks 


Since the load requires this hoisti! 
power for a variable length of time aff 
which there is a semifixed interval 
time of no-load for ‘‘breaking-out” tf 
stand and setting it aside, the drawwo 
motor may be applied with a continu 
hp rating considerably below the drag 
works hp rating. 

The amount of power that the mob} 


and the amount of power available fre} 
the engine-generator sets. The mo : ii 
designed to carry a continuous curfe 
under load conditions without excee 
a maximum safe temperature. 


Paper 59-1103, recommended by the AIEE Ped! 
leum Industry Committee and approved by 7 
AIEE Technical Operations’ Department 
presentation at the AIEE Petroleum Industry Ci} 
ference, Long Beach, Calif., August 23-26, 14} 
Manuscript submitted November 10, 1958; maj 
available for printing July 3, 1959. 
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Corporation, East Pittsburgh, Pa. 
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4. 


drilling rigs 


re, it can carry considerably more than 
ted current during the hoisting portion 
ithout causing any thermal damage to 
e insulation. The maximum current 
lat a given motor can carry, regardless 
‘the duty cycle, is determined by com- 
utation. Also, the maximum voltage 
hich can be applied to the motor is 
etermined by the point where either 
ashing-over or serious overspeeding 
curs. Both of which are undesirable. 


A motor then can receive power from 
he or several engine-generator sets and 
eliver more output to the drawworks 
1 a short time basis, as long as the safe 
aximum current and voltage ratings are 
ot exceeded and the effective current 


held to rated amperes or less. 


The effective current which establishes 
ne amount of heating that the motor 
an withstand is defined as the rms of the 
istantaneous currents for a given duty 
yele. For instance, Fig. 3 shows the 
rrent trace of two drawworks motors 
bnnected in series for two successive 
pists. Hoist no. 1 is in Low-High gear 
pbisting 5-inch drill pipe from 5,590 feet. 
oist no. 2 is in High-High gear hoisting 
ssentially the same load from 5,500 feet. 
he rms amperes for each cycle is deter- 
hined by using a mean value of current 
and assuming this current is required 
ing the hoisting portion of the cycle. 
his is an approximation, but is close 
hough for application purposes. 


ray 
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g. 1. Performance curves of one 550-kw d-c generator for use on 
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Fig. 2. Performance of two 1,000-hp motors on a large drawworks 


Jm=mean amperes during hoisting portion 
of cycle 

rms J =effective current in amperes 

t, = hoisting time in seconds 

tr =rest time in seconds 


For hoisting cycle no. 2 of Fig. 4: 


4 (1,300)? X 23.3 
tus =e) ———— 
23.3+383.3 


=+/692,000 


rms J =832 amperes 


This calculation is based on force- 
ventilated motors. If the motors were 
self-ventilated, the rest time would be 
reduced by a factor of 4 because the heat 
cannot dissipate as rapidly. 

Each motor on which this data was 
taken is rated 960 amperes continuous; 
therefore, the peak current of 1,470 am- 
peres and the “running” current of 
approximately 1,350 amperes for this 
hoist is satisfactory. 

On the rms-ampere basis, higher cur- 
rents could have been taken during this 


HOIST NO. | 
LO-HI GEAR 


hoist, becatise the rms is less than rated 
amperes; however, it will be shown later 
that the driller obtained approximately 
maximum hp transfer to the drawworks 
by using a running current of 1,350 
amperes. 


Motor APPLICATION FACTOR FOR 
DRAWWORKS 


An analysis of test data taken over a 
period of many years indicates that 
approximately 85-90% of the hoisting 
cycles are in the 20-60% ‘‘on”’ classifica- 
tion. In other words, the motor is 
delivering power to the drawworks from 
20% to 60% of the total time per stand 
and is resting from 80% to 40% of the 
total time. Of course, the time ‘“‘on 
per stand varies with the amount of 
power on the rig, the load, and the gear 
ratio; however, a conservative cycle is 
estimated to be 50% on and 50% off. 
The hoisting motor gains additional cool- 
ing after completing a round trip because 
it is usually at rest with full ventilation 


” 
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Fig. 3. Amperes versus time for two successive hoists by two 1,000-hp motors 
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Fig. 4. Peak hoisting range 
for two 1,000-hp motors 
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or else rotating the bit at light load. 
This adds conservatism to the factors 
used in determining the actual hp rating 
of the motor for the drive. 

Based on the preceding, it is standard 
practice to apply drawworks motors so 
that they develop approximately 140-145 
% of their continuous rating on a 50-50 
hoisting cycle. This is conservative 
enough to handle normal hoisting with- 
out allowing the rms current to exceed 
rated current. An application factor of 
1.4-1.45 for the drawworks motor means 
that one 1,000-hp continuous-rated elec- 
tric motor can drive a drawworks with 
a rating of approximately 1,400-1,450 hp 
if the chain ratios are properly selected 
and sufficient power is provided. 


Moror ApplicaTION Factor ror Mup 
Pumps 


The mud pumps are designed for an in- 
put hp based on a maximum speed in 
strokes per minute and a maximum force 
in pounds. Built-in protection in the 
form of a pressure relief valve or shear pin 
is usually provided by the pump builder to 
protect the pump against overstressing 
the mechanical parts when high loads 


STAND NO 3 
BOSE OOP AR 


1600 2000 


exist. Since this pressure relief is usually 
set at approximately 25-30% above rated 
pressure, the electric drive system should 
have built-in torque limit to prevent un- 
necessary operation of the pump protec- 
tive device under these conditions. This 
is accomplished by the generator charac- 
teristics as previously discussed. 

The running load of the mud pump is 
sufficiently continuous to warrant an 
application factor of 1 for the mud pump 
motor. This means that a 1,000 hp 
motor should be applied on a pump re- 
quiring 1,000 hp rated input. For rea- 
sonably long periods the pump will be 
operated at full load and speed. Strictly 
speaking, however, the pump is not run- 
ning on a continuous basis for longer than 
approximately 2 hours; therefore, by 
applying an electric motor at the same 
rating as the pump input rating, a con- 
servative margin exists to provide extra 
capacity when an emergency demanding 
an overload arises. 

It is usually more economical to apply 
one motor than two on any large drilling 
rig drive. In some instances a motor has 
been applied to a pump whose rating is 
higher than the motor. If the difference 


STAND NO. 4 
HI-LO GEAR 


' Fig. 5. Amperes versus time for stands 3 and 4 from 10,000 feet 
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in rating is not too great and it is regog 
nized that the motor rms current mug 
not exceed rated amperes during over 
loads, this application is justified for tht 
economical gain. One motor and 9 
chain drive is more economical than * 


Moror APPLICATION FACTOR FOR ROTAR 
TABLE 


The maximum torque delivered to o 
drill pipe by the rotary table must et 
controlled to prevent it from twisting oft 


mum rotating speed to provide adequa 
control when ‘“‘fishing’” or drilling 
peculiar formations. Variable spee 
important to provide the correct spec 
for best penetration rate. efo: 
from a speed and torque standpoint, tlt 
requirements of the rotary table are Vex 
similar to the mud pump. . | 

The running load of the table, like tit 
mud pump, is sufficiently continuous "| 
warrant an application factor of 1. | 
may be driven directly by a sepa 
motor or from the drawworks. If 
arately driven, the maximum torque suij 
plied by the motor and the chain rath 
from the motor to the table ma Ly 
selected so that the torsional limit of t 
drill pipe will not be exceeded. If fe 


table is driven from the. drawwork 


some means of torque adjustment on ti 
drawworks motors must be provided | 
provide this protection because the rota | 
table load is relatively low in comparis 
to the hoisting load. This can be acco 
plished automatically when the dri 
operates the ‘‘Drill-Hoist’”’ selector owt 1 
by reducing the number of generate 
available to the drawworks motor fi 
drilling or by inserting resistance in 1 +f 
generator field circuit to limit | 
excitation. 


CONTROL 


The selection of the control system ¢/ 
pends on several considerations. 1] 
first is the degree of power flexibility 
quired on the rig. The control can 
arranged so that the generators may 
switched to any motor on the rig or to on 
one motor. Of course, these are extrea 
examples of flexibility; however, soo 
operators have deemed it justifiable 
provide 100% flexibility. For most 
applications some intermediate degreet 
flexibility is usually satisfactory. 

Certainly, all or almost all the gy 
erators on the rig should be connectab et 
the drawworks motor(s) and perhaps 
one large pump. This will provide i 
power should any one of the engine-gy 
erator sets fail. Of course, the degg 
selected depends on the user’s desire ef 
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e amount of insurance required. For 
stance, offshore, the additional expense 
having each motor connectable to all 
nerators is usually justified as is extra 
merating capacity in the power plant 
the basis that down-time is much more 
pensive than the additional investment. 
second consideration is the over-all 
mplicity of the control system. Most 
erating and maintenance personnel are 
t sufficiently trained as yet to handle 
© more complex schemes available to 
electrical design engineer today. 
r that reason the control system should 
as simple as possible and yet provide 
= necessary operational and protective 
tures for the equipment and personnel. 
Simplicity means the desirability of 
ing the contro] and machine character- 
ics as much a part of the inherent 
stem as possible without additional 
ating machines, relays, regulators, air 
stems, slide valves, air actuators, and 
stems requiring critical adjustment. 
th characteristics built in the main gen- 
ators or into static, easily-adjusted sys- 
ms, the operating personnel have a 
nimum of concern about how to find 
id fix a trouble because troubles are 
mimized. With the saturable reactor, 
ugnetic amplifier, silicon rectifiers, and 
aer “‘no-moving-parts’’ devices, simple, 
sily understood control systems can and 
e being built today to minimize down- 
ne due to component failures in the con- 
bl system. The machine tool industry 
s found these systems invaluable from 
maintenance standpoint and there is no 
ason why stich systems cannot be 
plied on drilling rigs to provide im- 
pved control systems. 


iprovement of Operation 


Since the motors and generators serve 
an electric torque converter between 
2 engine and driven equipment, it is 
Ml to analyze their performance for 
thods of improved operation. As 
ted earlier the d-c generator auto- 
atically limits the peak loading on the 
gine by limiting its own maximum out- 
ts: 


Fig. 4 shows the over-all electrical effi- 
ciency from generator input to motor 
output and hp output for two 1,000-hp 
motors receiving power from three 550- 
kw generators. It will be noted that the 
efficiency of the system is highest through 
the range of maximum hp, and is similar 
in many respects to the efficiency curve 
of a hydraulic torque converter. This 
indicates that the optimum operating 
range is near the peak kw output of the 
generator or peak hp output of the motor, 
where maximum power will be trans- 
mitted to the drive. This range is shown 
between 900-1,350 amperes and is in- 
tended to be used only on an inter- 
mittent basis. It is not to say that 
higher amperes should not be used, for if 
the load requires 1,700-1,800 amperes 
for high torque pulling, then it can be 
supplied on a momentary basis. How- 
ever, for maximum hp transfer to the 
hoist, the running current should be be- 
tween 900 and 1,350 amperes for the 
motors in this example. 

This is particularly important on the 
drawworks during hoist because a sig- 
nificant saving in time can be made if the 
driller changes to a higher speed gear ratio 
at the right time. Not only will the 
equipment be operated near peak effi- 
ciency but it will also transmit peak hp 
from the engines which will result in 
minimum hoisting times. Such operation 
is best for the electric equipment, be- 
cause it will not be overloaded on an rms 
basis, but will allow full utilization of its 
intermittent capacity at peak perform- 
ance on intermittent loads. 

A suggested method of operation for the 
driller is to have the drawworks ammeter 
marked in green for the peak hp range of 
currents, red above peak hp marked “Shift 
Down”’ and yellow below peak hp marked 
“Shift Up.” In this manner, the driller 
will not have to make a test shift when he 
thinks the hoisting speed can be improved. 
It can definitely be improved with one 
shift if the ammeter markings are made 
taking into consideration the motor per- 
formance and the gear ratios of the draw- 
works. 

On some recent tests in the Gulf of 


o 


Discussion 


. E. Withers (Sun Oil Company, Beau- 
but, Tex.): I want to compliment Mr. 
bgwood on his investigation and analysis 
the various loads on d-c electric drilling 
Ss. We are in complete agreement that 
e user has not realized the full advantage 
the electric drive as far as the intermittent 
pabilities are concerned. Too many 
ers do not understand the theory, opera- 
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tion, and flexibility of electric drives; thus, 
when installing equipment to drive a draw- 
works, the installed capacity of the motors 
are equal to or closely approaches the rated 
capacity of the drawworks. This way of 
thinking has stemmed from the use of in- 
ternal combustion engines for these drives. 
The manufacturer as well as personnel 
within the user’s organization is responsible 
for recommending the proper sized equip- 
ment. 

The author points out that the generator 
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Mexico, it was noted that the driller 
hoisted the first three stands in Low-Low 
gear from approximately 10,000 feet with 
2,000 hp available to the drawworks. 
From the data shown in Fig. 5 of stands 3 
and 4 for this hoist, it is evident that 
stand 3 could have been hoisted in High- 
Low or even Low-High gear from an am- 
pere and maximum hp standpoint. Also, 
later in the same ‘‘round-trip” the driller 
made two test shifts trying to get into a 
higher speed ratio, whereby some lost time 
was incurred. Finally, the shift to High- 
High gear was made approximately 10 
stands too early, losing an additional 
minute. Although the total time lost 
was only a few per cent of the total, a 
number of round trips could account for 
a considerable length of time. 


Conclusions 


In summary, the application of elec- 
tric equipment to drilling rig drives can 
be made more economical if closer con- 
sideration of the engine, load, and elec- 
trical equipment is made. The genera- 
tor should provide as close a match as 
possible with the engine to transmit maxi- 
mum hp at highest efficiency. The 
motors should be selected on the basis 
of the load so that in cases such as the 
drawworks, the intermittent capability 
of the motor can be used. On the mud 
pumps and the rotary table, the maximum 
torque and continuous hp requirements 
must be considered. Selection of the 
control system should be made on the 
basis of simplicity with a minimum of 
parts which provides the desired degree 
of flexibility and protective features. 

Consideration should also be given to 
the method of operation used by the driller. 
For peak hp transfer and optimum operat- 
ing efficiency, the driller should shift 
gears on the drawworks at the time where 
maximum benefit can be gained. This 
point will be considered when the applica- 
tion is made if the rms capacity of the 
motor is utilized. By recognizing these 
points and taking advantage of them, the 
builder, user, and operator of modern elec- 
tric rigs can all benefit. 


kilowatt rating converted to horsepower 
should match the continuous output of the 
engine. This is the ideal condition but 
somewhat impractical economically. When 
using the Ward-Leonard system of control 
with five separate loads, it would be neces- 
sary to have five engine generator sets. All 
of these could be the same size but would 
have to be reasonably large to accommodate 
the mud pump loads. I believe an installa- 
tion with two generators on each engine can 
be used very successfully if proper con- 
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sideration is given to the division of load. tection must be arranged to take care competition and advancing technology 


This arrangement will reduce the number of against the loss of one or more engines, the Asa result, pia ane iP ae gue nt 
engines and consequently the area required § degree of protection against the loss of a model can pe so o th ane oe 
for this equipment. generator need not be nearly as broad, for available. he Sale Ha = ‘ 

The point made by the author concerning the modern electric generator or motor is far mass production are a fo) — nl 
standardized parts, fast delivery, and quick more reliable than any gas or diesel recipro- much of the ee cost goes ve 
repairs for the equipment is very necessary cating engine now in use for the drilling of development a Saacheia 5 ae 
in the petroleum industry inasmuch as time _— oil wells. In addition to keeping the elec- The electrica ae ac ay Ss an A rt 
is very costly. tric circuitry to its simplest terms, the each offered only two ti ee _ ings « 

Mr. Hogwood uses the term effective designer must also avoid any and all appa- motors to drive the wide range o nl 4 
current (rms amperes) in determining the  ratus which will not stand up without ques- machinery and two or three ratings Oo. 4 
load on the drawworks motors. This tion in the extremely rough service encoun- ators to be driven by the even wider rang : 
method of calculating the effective current tered under normal drilling conditions. engine horsepower ratings and speed ai 
gives some meaning to the term “‘inter- Flimsy contact arrangements, fine-wire able. The economic benefits ee is a 
mittent duty” which so many manufac- devices, fragile mechanical structures, and proach must be sold to the drilling + 
turers use. Inasmuch as the loading of a devices which need careful adjustment are tractors and oil companies who spe 
motor is primarily governed by the ability to be shunned. 4 equipment. It could result in future { 
of the motor to dissipate the heat generated In Fig. 1, Mr. Hogwood shows a typical ings to all parties involved. } 
within it, the quantity of forced ventilation volt-ampere curve for an electric drive, The author points out that peak en gir 
is also a factor that must be considered. with the corresponding kilowatt (or horse- _loads are limited by the differential geney 
However, with ventilation. as supplied by power) curve. Fig. 2 then shows how an ator characteristic, but recommends thi 
the manufacturer, Mr. Hogwood’s calcula- _ electric drive requires but four gear ratios the generator kw rating should clo a 
tions of the rms current to determine maxi- in the drawworks. To some of us this match the continuous output of the engiri 
mum loads for cyclic loading is quite satis- points out the need for further work toward It has been demonstrated that a 3- ei 
factory. utilization of the available engine power generator, including a self-excited 

The rotary table load is the smallest over a much wider range of speed so that field, can be applied to engines of mu ‘i 
drilling load encountered, but a very im- the number of speed ratios which must be lower horsepower capability than the g eng 
portant one. The size of this load is in- built into the drawworks may be still ator rating and still prevent engine oye j 


fluenced by the drilling program, subsurface further reduced, with resultant reductions loading or stalling. By flattening the 
formation, and hole condition. A close in first costs and maintenance expenses and _— of the hp-versus-motor-rpm curve, this 


approximation for the rotary table load is with an improved reliability factor. vice enables the electric transmissiot ; 
one horsepower per revolution of the rotary The paper, as well as Figs. 1, 3, 4, and 5, transmit full engine horsepower to the fo q 
table; however, with a high rate of penetra- is specific as to ampere values. It should, over a wider range of load speeds. | 
tion and a large hole (18 inches) the table of course, be fully understood that these The author mentioned the inherent toi G q 


motor can be stalled. Further investiga-  valuesapply only to the Westinghouse Type and speed limits on separately excited x 
tion of this load is needed by both the 371 generators and motors and not to tors by virtue of the generator charac 


manufacturer and the user. motors of other manufacture. If competi- istic. He indicated that the torque fir 
The author’s discussion of control sim- tive motors are compared on an ampere could be changed by limiting generato: 
plicity is of utmost importance. Any and basis, the results may be very misleading. citation or reducing the number of g 


[| 
all control circuitry should be as simple and This is due, of course, to the fact that with- ators available to a motor. One othe er ¢| 
straight forward as possible with a minimum out a fixed voltage or frequency toshape the vice which can be used to limit tor 
of equipment requiring critical adjustment. design, the designer may choose the voltage applied to a pump or rotary is to weaken 1} 

i 
} 


and ampere capacity best suited to his fixed motor field. This trades torque 
manufacturing facilities. Thus, motors of speed without reducing horsepower, but 
A. H. Candee (The White Motor Company, equal capacity and stamina built by different | drive ratio must be selected according] 3 


Pittsburgh, Pa.): Mr. Hogwood has pre- builders may differ 20 to 30% in ampere We concur with the author’s remark 
sented a paper which is worthy of consider- _ ratings. garding control simplicity. Basic ars 
able thought. His analyses and conclusions There is much work which may yet be performance should be inherent in the i 
are based upon a background of experience done to improve diesel-electric drive sys- ing machine characteristics. We feel ti 
with all types of electric drives, backed tems. It is papers such as this which will complicated voltage and current regulat { 
by actual field tests. It is upon such foun- assist materially in pointing the way toward systems are best avoided by using a difif 
dations that progressive evolution rests, and _ increased reliability and efficiency. ential generator and that this electri 
it is to be deplored that many rather recent characteristic is best translated into « 
applications of electric drives have been trolled speed and torque by the separa 
made hastily under the pressure of competi- G. W. Webb (General Electric Company, excited shunt motor. We would liked 
tion, and by their shortcomings and failures Dallas, Tex.): Mr. Hogwood’s paper pre- inquire about the author’s vingimm. | 
have done much to cast undeserved dis- sents a sound approach to the subject of garding the long term reliability of recti 
credit on electric drives as a whole. : application of d-c drives to drilling rigs. in view of the a-c voltage fluctuation sor 
There is little in Mr. Hogwood’s paper The basic principles covered have been times encountered on drilling rig light ple 
which warrants adverse criticism, but there widely accepted in the industry, particularly Regarding application factors for drill 
are a few points which, perhaps, may be since the advent in 1955, of low-cost, light- motors, we note that the author reeommeé 
expanded or emphasized. weight, short-delivery modified traction a factor of 1.4-1.45 for the dra D 
The paper indicates the need for control machines. whereas his company’s “ve 
simplicity and practicality, but it is thought Such machines by their nature emphasize specify a 1.6 factor. We have found t 
that this deserves added emphasis. Men- the principles stated by the author of: factor to be conservative for this api 
tion is made of the flexibility of electric 1. Standardization on fewer ratings tion. Referring to the section of the a 
drives which permit any generator or com- 2. Engine overload protection on “Motor Application Factor for M 
bination of generators to be used to feed any 3. Motor torque and speed limits Pumps,” I would emphasize the last pa | 
motor. While this is true, the designers of | 4. Simple controls graph which implies that economic « 
electric drives often go too far in this respect, 5. Utilization of intermittent capabilities. sideration may dictate an application fae 
for each time a different combination is By way of comment on these principles, exceeding unity. Where experience isa x 
added, control apparatus and electric con- some 15 manufacturers offer about 30 able to predict accurately the pumping 1 


tact-making devices must be added, yet the _— different horsepower ratings of drawworks cycle, a factor in the order of magnitu ad | 
failure of any control circuit device to make from 100 hp to 2,590 hp, and about 40 1.1 or 1.2 may apply. This usually is jet 
an electrical contact when it is supposed to _ different horsepower ratings of mud pumps fied on the basis of possibly increased n ne} 


do so may leave the driller and his crew from 100 to 1,700 hp. The inherent in- maintenance versus increased initial in ra 
completely lost if the electric control cir- efficiencies of such an equipment supply ment. : 
cuits become too complicated. For this situation are obvious when considered on In closing, I would like to comment on 
reason, the electric circuits must be kept an industry basis. All these models must general aspects of the application of ele | 
severely simple. While it is true that pro- be redesigned periodically to keep up with transmission to drilling machinery. | 
| 
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hor describes a drawworks with four 
ward mechanical ratios and no reverse 
as being “‘specifically designed for 
etric drive.” This is true when compared 
conventional, straight mechanical draw- 
rks which normally provides 6 or 8 for- 
d ratios plus reverse gear and friction 
tches. However, by more fully utilizing 
e torque conversion characteristics of the 
transmission system, the drawworks can 
further simplified. It is quite feasible to 
sign a drawworks specifically for electric 
ve with positive clutches and two 
chanical ratios to the drum shaft without 
rificing essential hoisting performance. 
h a drawworks could offer the user sav- 
s in weight, size and initial cost which 
uld provide the economic and perform- 
e benefits of electric rigs at no greater 
st cost than mechanically driven rigs. 


E. Hogwood, Jr. The author wishes to 
ank Mr. Withers, Mr. Webb, and Mr. 
ndee for their discussions and comments. 
Whis paper principally outlines applica- 
m procedures that are presently used in 
ier industries where electric power is more 
dely used. As the drilling industry be- 
mes more familiar with diesel-electric 
wer, it is expected that the users and sup- 
ers will learn to use these principles to 
lize fully the electric equipment. The 
ult will be a reduction in first cost and 
erating expenses of drilling oil wells using 
tric drives. 

First, I want to answer the specific ques- 
ms that were asked and then, briefly, com- 
nt on some of the points common to more 
an one of the discussions. 

This paper was presented as a confer- 
e paper at the 1958 Petroleum Industry 
mference and since that writing, a con- 
erable amount of development work and 
dy of field test data have been made. 
the basis of these data, we have initiated 
d completed development work on a new 
tie excitation and control system for oil 
li drilling. It is still agreed that the use 


of inherent machine characteristics is a 
good, simple method of obtaining the re- 
quired drive performance. We have used 
the 3-field generator or exciter and the sepa- 
rately excited shunt motor for more than 20 
years to obtain this performance for drilling; 
however, the static excitation system has 
been developed in an effort to minimize cost 
further, to increase the output of a given 
generator and motor frame, to simplify the 
system, and also to maintain the over-all 
system reliability. This system utilizes 
static components such as magnetic ampli- 
fiers, saturable reactors, and silicon diodes 
which need no attention once the system is 
set. This system is considered to be a defi- 
nite improvement over the already proved 
system which relies on inherent machine 
characteristics. 

2. As for the long term reliability of recti- 
fiers considering fluctuation of a-c power on 
the rig, we have not experienced any diffi- 
culty attributable to this cause. However, 
selenium rectifier applications should be 
made rather conservatively to avoid exces- 
sive aging. Some of the factors affecting 
aging that should be considered are high 
ambient temperatures, corrosive atmos- 
pheres, cyclic overloads, and long cable 
runs to the loads. Where silicon rectifiers 
and diodes have been used, no aging diffi- 
culties have been encountered and they are 
proving to be quite reliable. 

It is apparent also that all a-c auxiliary 
power sets used on drilling rigs should be 
equipped with reasonably good voltage 
regulators to operate motors, controls, 
lamps and other loads within rated toler- 
ances. 

3. The 1.6 application factor for the draw- 
works drive was published by us after this 
paper was originally written including the 
1.4 to 1.45 factor. The application factor 
depends on the length of the hoisting cycle 
to rest cycle ratio which is based on the rms 
current not exceeding the rated current of 
the motor. It should be noted that a 
shorter hoisting cycle than that mentioned 
in the paper is required for the 1.6 factor 


Three-Phase Induction Heating Coils 
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{ THE 60-cycle field of induction heat- 
jing a 3-phase system is desirable. The 
vantages of 3-phase power is fairly 
vious. In most cases a large amount of 
| is required and a balanced 3-phase 
d is very practical. Hence, 3-phase 
duction heating coils have been used to 
arge extent in 60-cycle heating of alumi- 
mand brass. Since the size of stock to 
heated is large in cross section, which 
ithe primary reason for 60 cycle, the 
hount of energy required to heat the 
terial because of its large mass is, in 
ay cases, quite high. In the past, large 
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billets, 4 inches to 30 inches diameter of 
aluminum, as well as brass, 4 inches to 10 
inches in diameter, have been heated pri- 
marily for extrusion. Temperature uni- 
formity is mandatory for high-quality 
results. In the case of special brass alloys, 
the temperature must be maintained at 
+10 F (degrees Fahrenheit) throughout 
the billet. Induction heating is primarily 
a very rapid heating process taking sec- 
onds or minutes to heat, while other 
methods of heating require hours. Be- 
cause of this rapid heating, temperature 
patterns follow closely magnetic flux pat- 
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than for the 1.45 factor. It has been found 
that the 1.6 ratio is conservative for this 
application. It is suggested that the 
Petroleum Industry Committee consider 
establishing standards for the presently used 
“intermittent rating’? based on rms current 
and an acceptable hoisting cycle. The 
basic need is for a standard hoisting cycle 
which could be used to determine the draw- 
works application factor for various manu- 
facturers equipment. 

I concur with Mr. Withers that applica- 
tions of two generators per engine offer an 
economic means of dividing engine horse- 
power; however, the maximum rating of 
either generator should still not exceed the 
horsepower capabilities of the engine. 
Some engine manufacturers prefer each 
generator to be capable of absorbing the full 
output of the engine, even though both 
never could do so simultaneously. This 
allows utilization of the full engine output 
through one generator when required. 

Mr. Webb has stated that a 3-field gener- 
ator, including a self-excited field, can be 
applied to engines of much lower horse- 
power capability than the generator rating. 
This is basically true, depending on the 
ratio of separately excited field strength to 
self-excited field strength in the generator 
design; however, it is felt that a wider 
range of constant horsepower can be accom- 
plished more economically in the control 
system than in oversizing the generator. 

One more point in closing. Mr. Webb 
and Mr. Candee both discussed the point 
concerning a 4-speed drawworks specifically 
designed for electric drilling. To their 
comments, I would add that I fully agree 
and that I hope we may soon be requested 
to study and build an electric drawworks as 
Mr. Webb described with some major rig 
builder. By reducing the mechanical equip- 
ment required and fully utilizing the electric 
drive, certainly the first cost of the electric 
tig will be approximately equal to the 
mechanical rig. With the first cost equal, 
the user will be more desirous of having the 
electric drive with its additional advantages. 


terns; also due to the rapid heating, 
sufficient time is often lacking for equaliz- 
ing. 

As is well known, the magnetic flux 
pattern described by Fig. 1 is fairly uni- 
form throughout most of its length for 
long coils. The field intensity H dimin- 
ishes at the ends to one half the value at 
the center of a closely spaced solenoidal 
coil. If a long cylindrical billet is placed 
inside the coil, the temperature or heat 
pattern will follow the field intensity pat- 
tern, that is, if the billet is longer than the 
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Heating Committee and approved by the AIEE 
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Fig. 1. A—Single phase coil. B—Corre- 


sponding field intensity 
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INDUCTION COIL 


Fig. 2. A—Single phase coil with long billet. 
B—Corresponding temperature pattern 
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COIL 
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Fig. 3. A—Single phase coil with short 
billet. B—Corresponding temperature pat- 
tern 


coil; see Fig. 2. If the billet is shorter 
than the coil, the ends will tend to over- 
heat as shown in Fig. 3, because of the 
concentration of flux lines at the ends. 
The excess coil length is known as coil 
overlap. The coil overlap depends upon 
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several factors; the material of the coil 
(in most cases copper), the coil space 
factor, the material of which the billet is 
composed, the frequency applied to the 
induction coil, the inside diameter of the 
coil, and the diameter of the billet. At 
present the amount of coil overlap using 
60 cycles per second is determined pri- 
marily by experiment and varies from 
3/4 inch to 2 inches for aluminum billets, 
and 1!/2 inches to 3 inches for brass. It is 
fairly easy to obtain a uniformly heated 
billet with a coil as illustrated in Fig. 3 
with single-phase power. The ends are 
purposely overheated during the heat 
stage to compensate for radiation losses 
from the edges as the billet travels from 
the heater to the press. 


In the case of 3-phase coils a phase dip 
occurs in the flux pattern as shown by 
Fig. 4. Since the heat pattern is a func- 
tion of the field intensity squared, the 
phase dip is quite pronounced. The first 
improvement was realized by reversing 
the phase of the center coil section to 
obtain 60 electrical degrees displacement 
between phases instead of 120 degrees. 
This is shown in Fig. 5. The dip in field 
intensity H at the phase points became 
less and the corresponding temperature 
pattern was improved. The results were 
still not good enough and a better solution 
was sought. The answer was one of phase 
overlapping as illustrated by Fig. 6. At 
the phase points, a small number of turns 
were simultaneously energized by ad- 
jacent phases. The number of turns or 
phase region overlapped allowed one to 
obtain nearly uniform flux pattern 
throughout a 3-phase coil approximating 
the single-phase coil. The corresponding 
temperature pattern was improved to 
stich a degree that a billet can be heated 
within +10 F throughout its entire 
length. The amount of phase overlap 
required depends upon several factors as 
in the case of coil overlap. It varies with 
coil diameter, billet diameter, frequency, 
billet, and coil conductor material. The 
phase overlap can be calculated by the 
following equation: 


gor =1/4[(b+d1) —(a—d2)] (1) 
where 


¢oLt=phase overlap 

b=coil inside diameter 

a=billet outside diameter 

d, = penetration depth of coil conductor 
d,= penetration depth of the billet 


If 6 and a are measured in inches, then 
d, and d, for nonmagnetic materials are 
calculated by: 


d,=3,1004) P) and d2=3,160 \ ps (2) 
sf f 
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Fig. 4. A—Transformer and coil connectici 
3-phase nonreversed center section. 
Corresponding field intensity for coil as in 


Fig. 5. A—Transformer and coil conn ecti 
3-phase reversed center section. B—Ce 
sponding field intensity for coil as in (AN 


where 


| 


pi=resistivity of coil conductor in ohm i 
p2=resistivity of billet material in ohm i 
s=coil space factor j 
f=frequency cycles per second 


Equation 1 holds for 3-phase coils ori 
Since an integral number of turns it 
contained within an overlapped phi 
region, the nearest whole number of i 
widths is usually used for the phase ow 
lap calculated by equation 1. 

Example: Calculate the phase ove r 
of an aluminum billet of 5-inch dian ii 
and length 24 inches, coil dimensio( 
6-inch inside diameter and 26-inch leng 
The copper turn width is 3/8 inch 
1/32-inch turn insulation. Coil space i 
tor=0.92. Mean temperature of « 
num to be 850 F, with 60-cycle 3-p Mt! 
power supplied to the coil. 

Solution: First calculate the penet} 
tion depths for the coil copper and | 
aluminum load. Use average resistiv 
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6. A—Transformer and coil connections 

hase reversed center section with phase 

tlap sections. B—Corresponding field 
intensity for coil as in (A) 


ues over the temperature range. The 
prage resistivity of copper is 0.8 10-6 
a6 -inch. 


H1Ce : 


aig ee 6 880 inch 
0.9260 


J 
=—6 
soo) Se rGll inch 


=1/4[(6+0.38)—(5—0.611)] 
1=1/4[(6.38—4.39)] =0.498 inch 


The total turn width is 0.375+0.0314= 
06inch. Hence, two turn widths would 
e 0.812 inch. In this case either one or 
o turns could be chosen but for physical 
ace reasons, two turns would be 
ad. 
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WATTS PER INCH TO LOAD 
WATTS PER INCH TO LOAD REMOTE 
FROM PHASE POINT OR OVERLAP 


RELATIVE WATTS/IN IF LENGTH OF 
OVERLAP = 0.5 H=0.5 X EFFECTIVE 
RADIAL AIR GAP 


INFINITY. 


OVERLAP 


Conclusions 


One may conclude from the preceding 
that it is possible to obtain a uniform 
temperature pattern over the length of an 
inductively heated billet using a 3-phase 
coil. A slight dip or rise in temperature, 
approximately +10 F, still exists at the 
phase points due to the necessity of using 
an integral number of turns approxi- 
mately equal to the calculated phase over- 
lap. In Fig. 7 the relative watts per inch 
for phase overlap is plotted along the 
billet length and is compared to that with- 
out phase overlap. 


Appendix |. Calculation of Field 


Intensity Near End of Long 
Cylindrical Coil at Load Surface 


Refer to Fig. 8 and the following assump- 
tions: 


1. Ratio of radial air gap to radius of load 
small enough such that curvature effects 
may be neglected. 


2. Reference depth d small in relation to h 
and radiuses. 


8. Constant coil ampere-turn per inch. 


With the above assumptions the field 
intensity H/(.NI/L) is given by the following 
equation: 


Fig. 9 (left). 


Fig. 10 (below). 


aS 4. 5 


Ross—Three-Phase Induction Heating Coils 


APPROACH 1.00 AS 


BOTH CURVES 
X7ZH_ APPROACHES 


RELATIVE WATTS/IN IF THERE IS NO 


NWZNVNVNIZNIINIZNIZINZ) 
| 


COIL ) 
-X 


a dk 


LOAD 5 


Fig. 7 (left). Ratio x/h of distance 
from phase point or center of overlap 
to effective radial air gap 


Fig. 8 (above). Diagram for calcu- 
lating field intensity near end of long 
cylindrical coil 


H/NI/L=1/2+1/x tan (x/h) (3) 


Equation 3 is plotted in Fig. 9 for values 
+«/h and for values (—x/h); see reference 
ie 


Appendix Il. Effect of Total 
Field Intensity in Phase 
Overlapped Region 


With reference to Fig. 10 where the vec- 
tors H; and Hp represent the components of 
magnetic intensity at x produced by left 
and right hand coil segments and where the 
real axis is taken as the resultant of Hi+ 
H, at x=0, and where Hy’ and Hp’ are 
the real components of H; and Hz and Ay” 
and H,” are imaginary components, the 
magnitude of the axial component of H at 
GAS: 


H=/(Hy' +H’)? +i" — Ba") (4) 
H=V/H;?+ H+ Hii 


Substituting equation 3 into 4 for corre- 
sponding points and replacing 
1/2+1/2 tan! x/h by {(x/h+¢/2h) 
1/2+1/z7 tan—1—x/h by 
S(—x/h+¢/2h) 
EP? /(NI/L)= f(x/h+$/2h)+ 
S* —x/h+¢/2h)+ 
act di RA 


Ratio x/h of distance in coil to radial air gap 


Cross section of coil and billet at an overlapped phase 
point 


INZINIZINIISNVINI] 


CONNECTION TO PHASE “A. 
NNECTION TO PHASE ~B” 
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In equation 5 in order to have the same 
heating at x=0 as at x= ~¢/2h must be 
chosen such that: 


3% /2h)=1 (6) 


Writing equation 6 in the form of equation 
3 it follows that 


($/2h) =+/1/3=1/24+1/x tan— (/2h) (7) 


Solving equation 7: $/2h=0.247. 
Hence the phase overlap ¢ should be equal 
to 0.494 h or approximately half of the 
effective radialair gap. The effective radial 
air gap is defined by 


h=(b+d,/2)—(a—d2/2) 
h=1/2[(b+d1) —(a—d2)] 


Therefore, the phase overlap is given by 


the equation 
gos = 1/4[(b+d1) —(a—d,)] 


Reference 


1. Rapro Frequency Hearinc, G. H. E 
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Stability Criteria for Instrument 


Servomechanisms with Coulomb Friction 
and Stiction 


M. P. PASTEL 


NONMEMBER AIEE 


T IS WELL KNOWN that relative 

motion between rubbing surfaces is 
opposed by friction forces. In general, 
a force directly proportional to velocity is 
produced by a component known as ‘‘vis- 
cous friction.’’ Normally, another com- 
ponent, the coulomb friction force C, 
produces a force that is essentially con- 
stant regardless of velocity. In addition, 
if the surfaces are initially stationary, the 
force required to start motion is greater 
than the coulomb friction force. Since 
the surfaces seem to adhere, the effect is 
called “‘stiction’’ and the magnitude of the 
required starting force is called the stic- 
tion force S. These effects are illustrated 
graphically in Fig. 1. Note that the 
ordinate may be force or torque, and the 
dimensions of C or S obviously must be 
adjusted as needed. 

The effect known as stiction is fre- 
quently considered to be a static (zero 
velocity) phenomenon, which postulates 
that as soon as motion is initiated 
the stiction disappears and only the 
coulomb friction remains. This is a 
reasonably accurate assumption since the 
retarding force is normally reduced to the 
coulomb friction level at very low veloci- 
ties. For some surfaces the stiction effect 
may decrease gradually as the velocity 
increases; see Fig. 1. 
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G. J. THALER 


MEMBER AIEE : 


Phase Plane Analysis 


STEP FUNCTION RESPONSE OF A 
SECOND-ORDER SERVO 


For a second-order proportional-error 
servomechanism with coulomb friction, 
the torque equilibrium equation is 


where 


J =polar moment of inertia 

F =coefficient of viscous friction 
C =coulomb friction torque 

kK =torque constant 

6, =output position angle 

E =error =0x—0. 


For a step displacement input equation 
1 becomes 


JE+f E+KE-+C sign E=0 (2) 


To analyze the system on the phase 
plane the isocline equation is obtained 
from equation 2 and is 


__KE Csign EB 
NJ+j  NJ-+f 


where O<N<+ @ and J is the slope of 
phase trajectory where it crosses the 
designated isocline. Equation 3 is the 
equation of two families of straight lines 
in the £ versus E plane, as shown in Fig. 
2(A), emanating from E=+C/K. These 
isoclines are identically the isoclines of the 
linear system (without C) except for a 
translation of the upper and lower half- 
planes with respect to the origin. For a 
step displacement input to initiate mo- 
tion, the amplitude of the step must be 
such that E>C/K. The trajectory then 
follows the path dictated by the isoclines 


(3) 
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stabilizing when a step displacement it Fy 


_ radial lines intersecting the E-a 


until it terminates on the Z-axis bet 
the foci. If discontinuous stictio 
present the step must be such 

E>S/K to initiate motion, the trajectc 
still follows the isoclines emanating fr 
the foci at C/K, but the trajectc 
terminates (system sticks) if it hits 
E-axis between +S/K. This is illustre 
in Fig. 2(A). A step displacemen 
magnitude such as to cause E=A || 
Fig. 2) would start a trajectory for & 

lomb friction without stiction, but it dd 
not initiate motion when stiction 
present. For a step large enough to 
E=A’' motion is always initiated. 7 
trajectory A’ BD is produced for C wi 

out S, but is terminated at B if stictiom 
present. Note that in either case E;, 
Coulomb friction and stiction are aly 


og 


is used. This can be used to stabilt 
unstable systems partially, if some sté 
error is acceptable. 


Ramp FUNCTION RESPONSE OF 
SECOND-ORDER SYSTEM WITH 
COULOMB FRICTION ONLY 


When the input is a suddenly appli! 
ramp function and only coulomb fri 
is present, equation 1 still applies, and 


JE+fE+KE=fw;+C sign (6g—E) 


where w;=6,= input velocity. 
isocline equation becomes 


__KEB_ fort C sign (On—B) 
NI+J NI+f 


Equation 5 also defines two families 


E= 


FORCE OR _ 
TORQUE 


| WS 


VELOCITY 


Fig. 1. Definition of coulomb frictior 


stiction 
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2. A—Phase trajectory of second-order servo with coulomb friction and stiction. B— 
Phase trajectories as in A, plus ramp input 


(fo; C)/K. The foci are again sepa- 
ed by 2 C/K, but the origin of co- 
inates is not midway between these 
i; it is displaced from this mid-point 
an amount fw,/K. Also, the term 
sign 6.—sign &) designates the set of 
ines to be used, and thus defines a 
iding line at E=w,;. This is shown in 
x. 3 for an arbitrarily selected w;. The 
ase trajectory for a ramp input has 
jal conditions E=O, E=wo,, and thus 
tts at point P. Motion is initiated 
en KE=C, corresponding to a hori- 
atal displacement from point P of 
hount E=C/K. This is precisely the 
int at which the V=O isocline crosses 
> dividing line. After one complete 
al about the focus, the trajectory must 
ss the V =O isocline below the dividing 
e if the linear system has ¢>O. The 
ase trajectory spirals into the focus and 
steady-state condition provides a 
locity lag error 
forte 


pte that the phase plane of Fig. 3 is 
justed to only one input velocity. For 
h new w, the dividing line and the 


(6) 


Nis 


SS 


1. 3. Isoclines, dividing line, and phase 
tory of second-order servo with coulomb 
friction and ramp input: 9=tan™ K/F 
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origin must be shifted. The displacement 
of the origin from the point midway 
between the foci is —(fw,;)/K, and the 
vertical displacement of the dividing line 
is +w;. Thus, as w; varies from zero to 
infinity, the intersection of the dividing 
line with the #-axis moves along a line 
with slope —K/f. This is precisely the 
slope of the N=0O isocline, and the dis- 
placement between these lines is C/K. 
Thus for any w; the system is stable, if 
the linear system is stable. 


RAMP FUNCTION RESPONSE OF A 
SECOND-ORDER SYSTEM WITH 
COULOMB FRICTION AND 
DISCONTINUOUS STICTION 


When stiction is present but discontin- 
uous (disappearing for 6,40) the basic 
isocline configuration of Fig. 3 is un- 
changed, but motion is not initiated until 
the error is such that KE=S. Thismakes 
a limit cycle possible when a ramp func- 
tion is suddenly applied, providing that 
w, is sufficiently low. Fig. 2(B) shows the 
phase plane for a ramp input w,, and 
3-phase trajectories, for C only, for S, 
slightly greater than C, and for S, much 
greater than C. The first two are seen to 
be stable, but for S; the phase trajectory 
is a spiral of such dimensions that it 
intersects the dividing line, the output 
member sticks, and a limit cycle results. 


Stability Criterion for a 
Second Order System With 
Discontinuous Stiction When a 
Ramp is Suddenly Applied 


Knowing the system parameters, the 
values of C and of S, and the value of w;, 
makes it possible to predict whether a 
limit cycle will exist when the ramp is 
suddenly applied. Note that the phase 
trajectory is defined by the isoclines of 
the linear system, since the only effect of 
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Cis to translate the focus. Thus a linear 
equation can be derived for the phase 
portrait. Furthermore, the specific tra- 
jectory can be designated by inserting the 
co-ordinates of the starting point of the 
trajectory when the constant of inte- 
gration is to be evaluated. The neces- 
sary condition for the existence of a 
limit cycle is apparent from the phase 
portrait: as the trajectory spirals around 
the focus the first time, it must pass 
through a maximum velocity; and if this 
value of # equals or exceeds w;, the system 
sticks and a limit cycle is started. To 
derive a stability criterion from these 
conditions, the equation for the phase 
trajectory is given by 


E24 2¢w, EE — 4% ;B+ 072k? — 
AfaonwiH+40q 2 = 


2¢ _ onE+¢E—2fw:; 
Dieta Te ————— 
vie EV1—5* 

where (=f/2VKJ; w,=VK/J; D= 
constant of integration. The specific 
phase trajectory may be defined by sub- 
stituting the co-ordinates of the point at 
which the system pulls free of the stiction, 
evaluating D=D,. Equation 7 is then 
completely defined, and it is possible to 
evaluate the maximum velocity reached 
on the first spiral. A simpler procedure 
is to note that the maximum velocity 
must be a point somewhere on the V=0 
isocline. The critical phase trajectory is 
the one which passes through the point of 
intersection between the N=0O isocline 
and the dividing line. If the value of D 
associated with this critical trajectory is 
computed as De, then the system has a 
limit cycle if D}= D>. By proper manipu- 
lation the stability criteria is obtained as 


iento= 


(7) 


@ tan1 Pat, —tan 1 en C9 


2¢a’ a’ (b—2¢) (8) 


25 )Je 


where a, a’, and b are as defined in the 
Appendix. Fig. 4 presents the stability 
criterion as a curve. 


Fig. 4. Graph of stability criterion for second- 
order servos with stiction and ramp input 


295 


Effect of changing ramp value 


A—Velocity increase: Q:=RI=2¢(w—«n)/ 
wn. S=locus of points at which vertical axis 
intersects dividing line 
B—Velocity decrease: Co=Re=2¢(wo—w2)/ 


On 


Fig. 5. 


Effect of a Change in Input 
Velocity: Stability Criteria 


For any given system in which stiction 
is present a limit cycle must result if the 
system is started from rest with a suffi- 
ciently small ramp w,, and a limit cycle 
cannot result if w,; is sufficiently large. If 
stiction produces limit cycles at useful 
speeds, the limit cycle can be avoided by 
starting with a large w, and reducing the 
input velocity slowly. If the reduction in 
speed is accomplished too rapidly the 
limit cycle may be initiated. Once the 
system has been adjusted to operate 
stably at a low speed, the speed may be 
increased as rapidly as desired without 
initiating a limit cycle, but speed de- 
creases must be made slowly. This sec- 
tion presents an explanation of these 
phenomena, and develops certain stability 
criteria for the speed adjustments. 

Fig. 5 shows the effect of changing w, 
on certain important characteristics of 
the phase plane. When the system is 
operating stably at velocity w), the operat- 
ing conditions are described on the phase 
plane by a point located at the focus F; 
see Fig. 5(A). When the velocity input 
is increased suddenly from w) to w;, the 
origin of co-ordinates and the dividing 
line are both displaced. The critical 
sticking point C/K moves out along the 
N=0 isocline, as shown in Fig. 5(A). 
The instantaneous conditions may be 
described as follows: no change in output 
position or velocity; no change in input 
position; but a change (w;—w») in input 
velocity. The instantaneous error is un- 
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changed, but E=w,;—w. The operating 
point is therefore displaced on the phase 
plane; it is displaced horizontally because 
of the shift in co-ordinate origin, and 
vertically because of the sudden change in 
E. These displacements are such that the 
new operating point is on the N=0 
isocline and below the new dividing line, 
so it is impossible for the output to stick 
(if ¢>0). Thus, one stability criterion 
may be stated: if the system is operating 
at any steady-state velocity without limit 
cycle, any desired velocity increase may 
be made without initiating a limit cycle. 

If the velocity is decreased, the operat- 
ing point moves in a similar fashion but 
in the opposite direction to point P, in 
Fig. 5(B). Since P2 and the critical point 
C/K are both on the N=0 isocline, and 
the limit of stability is reached if the 
trajectory from P, passes through C/K, 
then the system is stable if 


cwo> (wp — wn e (9) 
from which 

wo 
w2> ie (10) 


Note that equation 10 states the stability 
criterion for a sudden decrease in input 
velocity. 


Effect of Variable Stiction 


When the stiction-coulomb friction 
characteristic is variable rather than dis- 
continuous, as shown by the broken lines 
in Fig. 1, the analysis of the preceding 
paragraphs is not complete. The stability 
criterion of Fig. 4 is only partially correct 
in the sense that if Fig. 4 denotes an un- 
stable system it is surely unstable, but 
some systems which appear to be barely 
stable may actually be unstable if the 
stiction is variable rather than dis- 
continuous. For variable stiction the 
location of the focal point on the H-axis 
is given by 


_ 2fe4 


On 


Sz 
E hee (11) 
where S, is the value of stiction specified 
by the instantaneous velocity. Thus the 
focal point moves along the Z-axis as E 
changes. A step-by-step construction 
may be used to determine the phase tra- 
jectory. First, the stiction versus velocity 
characteristic must be known, and it is 
convenient to use a sliding overlay on a 
base drawing of the isoclines. As in- 
dicated in Fig. 6, the breakaway point is 
located at So/K, for which the focal point 
is at zero. An increment of the trajectory 
is constructed to point A. One then refers 
to the stiction versus velocity character- 
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. Conclusions 


m- 


Fig. 6. Effect of variable stiction: 
trajectory for discontinuous stiction; 
trajectory for variable stiction 


M 


istic to evaluate S, and equation 11 is 1s] 
to locate a new focal point at a. Tj 
curve is then constructed from A to Bf 
new focal point located at b, the traji 
tory constructed from B to C, a new fo¢ 
point located at C, etc. The trajectd} 
for discontinuous stiction is also shoy bai 
Fig. 6. Since the focal point for this “ 
is fixed at X, it is obvious that varias 
stiction has a greater destabilization eff} 
than discontinuous stiction. 


The effect of coulomb friction, | 
continuous stiction, and variable stict: 
have been explained with regard 
second-order servos. The condit 
which lead to a limit cycle with raaj 
input have been determined and sta i 
criteria have been developed for the on 
missible magnitude of a suddenly ap; ot 
ramp and for the permissible variatia| 
of input velocity during operation. 
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Appendix. Derivation off 
Stability Criterion for Sudden! 
Applied Ramp Input 


Definitions: 


a=2¢/V1—97, a =V 1-2, R=e)/on 
b=(S—C)/KR, E-=E-(2:R+C/K) | 


Equation 7 gives the phase trajectory j 
a linear system in response to a ramp i ap 
If the origin of co-ordinates is shifted 0 | 
focal point so that the relative error quant 
is designated E,, then the equation of 
phase trajectory with respect to this orf 
is 


ey 


: : @ tan 
F?2+2tw, HE; +n? L;? =De aly 
To evaluate D; and D2 for the phase t al 
tory from the break-free point and fo: | 


phase trajectory through the interse i 
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he N=0 isocline with the dividing line, 
e that the co-ordinates of point 1 are 
=@i=Roy; Ep=bR—2¢R; and for point 
E=Rwn; Hy= —2¢R. Substituting these 
ues yields 


iz [Rw n+ 2lan®RAD —2¢)+ 
Rwon+fonk (b—2¢) 


—atan-1 
an “aenRb— 2 


7 R2(b—2¢)?]e 
= [R02 — 46%? R24 40%? R?] 


Ron — 2¢20yR 


—@tan 
— 2a/wn5SR 


€ 


and 
ea b(b—2 
p,7 +6020) 


_ it e(e—25) 


a(tan- ay t 
ae an 
€ a’ (b—2¢) 


—2ta’ 


The system goes into a limit cycle if Dj = Dz; 


therefore the stability criterion is 
13 [1+0(b—2¢)] 


1—2¢2 
a(tan> i tan 
€ 


be _, +6 —26) 
—2¢a’ 


a’(b—2¢) 


Since the only variables are 6 and ¢, a curve 
may be obtained on the 6 versus ¢ plane in 
such a way that all points on the curve 
satisfy the condition D,/D,=1.0, and this 
curve divides the plane into stable and un- 
stable regions. 
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XPERIENCE obtained on constant- 
frequency generation systems which 
p installed in jet aircraft has indicated 
eas where improvements are needed. 
amples are: 


Unpredictable failures, such as carbon 
sh dusting. 


Relatively short life of parts subject to 
ar. 


Poor quality of frequency supply. 


Always present also are the needs for 
luctions in weight, volume, mainte- 
mee, and rebuilding costs; for improve- 
nt in efficiency; and for increased avail- 
lle time for operation. 

Elimination of brushes on the generator 
d use of static controls, recently used on 
me jet aircraft, have approximately 
ibled the mean-time-between-failure of 
nerator and drive unit. However, the 
ve has a number of wearing parts, and 
the wear progresses a part may fail. 
due to increased hydraulic leakage the 
ality of frequency control deteriorates. 
ficient improvement in frequency con- 
| can eliminate special high-quality 
wer stipplies otherwise needed for sensi- 
e loads. This also improves the per- 
mance of the electric system as a whole. 


ie Frequency-Make-Up Generator 
System 


] 


By replacement of the generator and 
echanical constant-speed drive with a 
nerator system designated hereafter as 
frequency-make-up generator, it is 
imated that the mean time between 
lure can be perhaps 4 times that of the 
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Constant-Frequency Variable-Speed 
Frequency-Make-Up Generators 


BERT V. HOARD 


MEMBER AIEE 


orginal brush system or about twice that 
of the brushless system. The quality of 
frequency control will be improved and 
will not be subject to wear of parts. If in 
addition an improvement in bearing life 
and a decrease in unpredictable bearing 
failures can be attained, much better 
reliability will result. 

It is predicted that weight, volume, 
efficiency, and maintenance for the new 
system will be either equal to or improved 
over the existing brushless generator with 
mechanical constant-speed drive. 


THEORY AND OPERATION 


The frequency-make-up generator has a 
standard 3-phase stator but has a wound- 
rotor type field. A 3-phase field will be 
used for descriptive purposes. The prin- 
ciple of operation used is to supply a cor- 
rect value of a make-up or slip-frequency 
power to the polyphase wound field of the 
generator. By this means, the algebraic 
sum of; (a) the variable frequency pro- 
vided from shaft rotational speed, and (b) 
the electrical make-up frequency intro- 
duced into the field windings; together, 
provide an air gap flux rotating with re- 
spect to the stator at constant speed. 
Under these conditions the stator output 
frequency is always constant. 

A generator of this type may be de- 
signed to operate all below synchronous 
speed; all above synchronous speed; or 
below, through, and above synchronous 
speed. 

Induction machine theory, for a genera- 
tor of this type,! states in effect that if 
there is no shaft speed, the slip is 1.0 and 
all stator output power must be trans- 


Hoard—Frequency-M ake-Up Generators 


ferred from the rotor through the air 
gap by transformer action. At half syn- 
chronous speed the slip is 0.5, one half of 
the stator power is received by trans- 
former action from the rotor and one half 
mechanically from shaft rotation. At 
synchronous speed the slip is zero, and 
all stator power is obtained from shaft 
rotation. Only d-c power is supplied to 
the rotor at synchronous speed for resist- 
ance losses, which of course are present at 
any speed. 

At 1.5 times synchronous speed, the slip 
frequency in the rotor has reversed (—0.5 
slip) the shaft is supplying 1.5 times 
stator output power, and the excess, 0.5 of 
the stator power, is flowing out of the 
rotor and must be recovered or the effi- 
ciency becomes very low. For all these 
cases, the stator frequency multiplied by 
the slip determines the required rotor fre- 
quency. 

At a constant stator voltage, and a 
constant stator output power and power 
factor, but a varying shaft speed: 


1. The shaft torque remains essentially 
constant, but shaft power input increases di- 
rectly with shaft speed. 


2. The rotor excitation current remains 
essentially constant. 


8. Rotor input power increases directly 
with the slip below synchronous speed. 
JI?R rotor losses must be added. 


4, Rotor output power increases directly 
with slip above synchronous speed. J?R 
rotor losses reduce the rotor output. 


5. Rotor voltage increases with slip either 
above or below synchronous speed to pro- 
vide for increased reactance drop and in- 
creased power. 


6. Friction, windage, and rotor iron losses 
modify these results slightly with change 
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AIEE Technical Operations Department for 
presentation at the AIEE Summer and Pacific Gen- 
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Seattle, Wash., June 21-26, 1959. Manuscript 
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printing April 8, 1959. 


Bert V. Hoarp is with the Boeing Airplane Com- 
pany, Seattle, Wash. 


297 


400 CYCLE 3PHASE 208 VOLT 

OPERATION f, =f, = f,+f, 

Fig. 1. Frequency-make-up generator with 
variable speed shaft 


G = generator 
Ex = exciter 


SG =signal generator 
FC = frequency changer 
RF = reference frequency 
VR=voltage regulator 


in speed. Stator iron and copper losses 
are essentially constant. 


For machines operating in parallel at any 
speed and constant total load: 


1. An increase in rotor current magnitude 
will increase reactive power supplied to the 
system by a generator. 


2. An advance in rotor current phase angle 
will increase real power supplied by a 
generator to the system. Below synchro- 

. nous speed this requires more power input 
to the rotor but above synchronous speed 
this requires recovery of more power from 
the rotor. 


SELECTION OF A GENERATOR SYSTEM 


The frequency-make-up system selected 
for modern aircraft should have no brushes 
and a minimum number of parts subject 
to wear. Weight and relative complexity 
become important comparison factors 
when considering different systems of this 
type. 

The generator system shown in Fig. 1 
will be described and discussed and then a 
weight comparison will be made. As 
shown, the generator is in its simplest 
form for operation all below synchronous 
speed. With added complication it can 
be made to operate all above synchronous 


Table I. 


AB AA BTA-8 BTA-6 
Generator Synchronous Speed, RPM 
12,000 6,000 8,000 6,000 | 
Per cent of minimum and maximum speed range............ ae OO err. UTOe ere 220). tein Are c TSO 15. seid 
Speed range, minimum and maximum rpm.................. e400 oF 10,800...... 6,600..... 12 °200. 500 6,000..... 12, 000.1550 4,500). oe 
Ganerator TOLoe POwer (8K) cio. See sio ss ke ee acke oe cs eee 0. 55K ne WO MOK ah =0 10K 20K ee 0,25K....—0.5K. . 0. 25352 = 
Exciter Rating* 
Mawes ont (LOS KU OG BR ie ss sedan cose cae ost O63K 3. ce uc ie ae a ae 2 
Pomentn WHER OAR) Lyte cee ee eee i ogie? c2 Reoie e  e 
ieee Grae eas - heay n 02618 Lines... eae io} noe 0.891 h ee 0.82) . 1. Oe 
Relative weight EXC orcceer >. nn ndnnn ander wnee nuns O78 vars sa cress apne aera 00502, O40 ee (gt at 0.51 
Wxciter and wenerator..............4..081 1,805" c.ths ts Ae ee 16090) ee 1.24 1.162 iol. oe 
Weight 60-kva exciter and.ceneratort...............,cncsah 126) This: 6'.3 BAe at ean a ated 143 Ibs. .,.. L115 7 Maas cies een es 136 1ba, 


speed or below through and above syn- 


chronous speed. 
The system components shown in 


Fig. 1 consist of: 


1. A generator having a 3-phase 400- cycle 
stator and a 3-phase wound rotating field. 
(Stator frequency f;=400 cycles. ) 


2. Anexciter with stationary d-c field anda 
3-phase wound rotor. The rotor output 
supplies power at a variable frequency, fe, 
equivalent to shaft speed. 


3. A reference frequency source, f;, 2- 
phase, for excitation supply to a signal gen- 
erator. The main generator output fre- 
quency f, will equal f;. 


4. A signal generator with 2-phase stator 
and 3-phaserotor. The reference frequency 
fr is supplied to the stator. The rotational 
speed of the shaft provides an equivalent 
fo frequency. The rotor output provides 
gating signals at slip frequency fs. 


5. A 3-phase frequency changer-or recti- 
fier-inverter made of static components 
(transistors or controlled rectifiers) but 
rotating to eliminate the need for brushes 
and commutator or slip rings. This fre- 
quency changer accepts variable frequency 
fe power from the exciter rotor and con- 
verts it into slip frequency fs; power for 
supply to the generator rotor. Slip fre- 
quency signals for frequency changer con- 
trol are obtained from isolated windings on 
the signal generator rotor. 


6. A voltage regulator which varies the 
d-c field excitation of the exciter, hence the 
magnitude of slip-frequency current in the 
generator field. This keeps the output 
voltage of the generator constant. 


For parallel operation of generators, a 
phase shift in the reference frequency 
supply to the signal generator or in the 
signal generator stator windings will pro- 
vide for proper sharing of the load between 
generators. 

This generator, operating all below 
synchronous speed, will meet the follow- 
ing conditions: 

1. Operates efficiently over an engine in- 
put shaft speed ratio of 0.5 minimum to 1.0 


Weight Comparison of 60-Kva Frequency-Make-Up Generators 


System Designation 


* Includes 6% J?R loss in generator rotor and 8% loss in frequency changer. 


+ Generator kva at synchronous rpm 
Exciter kva at minimum or maximum rpm 
Weight = 90 [kva/60 X6,000/rpm]}°-7 Ibs 
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s=slip in per unit 
K = generator rating kva 
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maximum. This speed range is compati 
for most jet-type aircraft engines in use ¢ 
planned. 

2. In terms of synchronous speed the rani 
will be 0.45 minimum and 0.9 maxim 
For any speeds closer than 0.95 of 
chronous speed the signal generator or 
put signal becomes too low for re 
gating of the transistors or cont 
diodes in the frequency changer. 


3. Synchronous speed selected is 
rpm, so maximum shaft speed at 0,9 
chronous speed will be 10,800 rpm. 

4. It has minimum complexity for conti 
of the frequency changer. 


The generator operating throug ad 
above synchronous speed requires a ] 
cally different and more comp i : 
method for obtaining gating si 
These can be obtained by adding a 
subtracting two equal magnitude volt 
see Appendix. One of these volt 
varies at the reference or system freque: 
rate f,, the other varying at the shaftf 
quency rate fo. The resultant, when f pra 
erly rectified and filtered, will pre 
slip-frequency signals for supplying ex “cis 
power modified to slip frequency to | 
generator rotor. 

When operating above synchrona 
speed, the rotor output power mus 
efficiently recovered. This requae® 

_ trolled inversion, in that the low 4 
frequency f; wave must be chopped 
provide higher frequency f2 for feed 
into the exciter. When operating t 
synchronous speed, controlled rect 
tion, a simpler process, is used. 


WEIGHT COMPARISON 


In Table I there is shown, for a 6€ 
generator, a weight comparison for ai 
below system, AB, an all-above sys 
AA, and two below-through-abov 
tems, BTA-8 for 8,000 rpm and BTA: 
6,000 rpm synchronous speeds 
tively. In making these compariss 


NOVEMBER 


3C POWER INPUT SIGNAL AB G ABC OUTPUTS TO 
axe eae INPUTS GENERATOR 
C ROL ROTOR AT £ 
FREQUENCY 


Fig. 2. 


CR, = input rectifier 


CR: = blocking rectifier 


CR; = by-pass rectifier 


yy the two major weight components are 
d. These are the generator and the 
iter. These weights change materially 
ih assumed shaft speeds and generator 
ngs. Fixed weight components are 
included as they are equal in all 
tems. Any weight comparison must 
made on the basis of approximately 
al maximum values of shaft speed and 
trifugal force stresses in the generator 
xciter rotor. Exciter weight is deter- 
hed, except for the AA system, at mini- 
m shaft speed when maximum output 
equired. 
or 400-cycle generators the syn- 
onous speeds available are limited to 
00, 8,000, 12,000, or 24,000 rpm. 
merators operating at speeds below 
00 rpm will definitely be too heavy for 
O-kva size and a speed of 24,000 rpm 
bably is too high because of centrif- 
| stresses. With wound-rotor con- 
ction as compared to salient-pole con- 
ction, for a 60-kva generator, it is 
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| TOTAL 
2 GENERATOR 


NEUTRAL 


Transistorized frequency changer 


Q=transistor 
C=capacitor 


believed that lowest weight generators can 
be built with a maximum shaft speed in 
the neighborhood of 10,000 to 12,000 
rpm. 

In Table I the weight of the AA system 
is heavier and its maximum speed is 
higher than for any of the other systems. 
Also, for most aircraft flight requirements 
it will operate at high slip for most of the 
flight time, hence at relatively lower 
average efficiency. For these reasons 
subsequent comparisons will not include 
the AA system. 

The weight of the AB system is lighter 
than the BT-A-6 system and heavier than 
the BT'A-8 system. This appears to de- 
pend mostly on maximum shaft operating 
speed plus the fact that only certain values 
for synchronous speed can be selected. 

The power which the exciter and fre- 
quency changer must handle on the BT'A 
systems is about 70% of that required in 
the AB system. The frequency changer 
will tend to be lighter because of less power 


| TOTAL 
2 GENERATOR 
SHAFT & ROTOR 


OOOF3 SHAFT 
4 RECTIFIER 
5 DC BUS 


3 SHAFT 


800-6 GENERATOR ROTOR 


POWER FLOW —- WATTS INPUT 


(@) 200 
| GENERATOR LOAD WATTS 
i (A) 


GeuerR 1959 


400 600 


800 


(8) 
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SPEED PERCENT OF SYNCHRONOUS: 


handling requirements but may actually 
be heavier because of more complicated 
control and signal requirements, including 
the provision for absorbing power through 
the exciter when operating above syn- 
chronous speed. It is assumed here that 
the weights of frequency changer and con- 
trols will be essentially the same in both 
systems. However, there will be less 
complicated controls in the AB system. 
The average efficiency of the AB system 
will be somewhat better because more en- 
gine operating time will occur during flight 
when the slip is low and efficiency high. 


Test MACHINE 


A schematic of a 3-phase transistorized 
frequency changer, used in a small test 
generator of about 1 kva, is shown in 
Fig. ‘2. The generator was assembled 
from commercially available components 
and operated at 60 cycles output. The 
frequency changer did not rotate, which 
facilitated making test measurements. 
Limited tests were made to establish 
“proof of principle.” 

The frequency changer operates as 
follows. The 60-cycle power, equivalent 
to exciter power, is recitified by CR; input 
rectifiers and direct current and voltage 
are obtained. Rotor output from the 
signal generator supplies slip frequency 
signals f, to the transistors Q through in- 
sulating signal transformers. In each 
phase the two transistors act like a double- 
throw switch which changes position each 
half cycle. The transistors operate in 


“respective phases with a phase displace- 


ment of 120 degrees at the slip-frequency 
rate. By this means they supply pul- 
sating direct current to the respective 
phases of the generator rotor at slip fre- 
quency. Rectifiers CR, are used to pre- 
vent possible failure of transistors due to 
excessive back voltage. Rectifiers CR; 
are used to make it easier for the transis- 
tors to turn off and allow the inverter to 


4 RECTIFIER 
5 DC BUS 
6 GENERATOR 


Fig. 3. Power 
inputs 
A—Ffor variable 
load at 70% syn- 
chronous speed 
B—For variable 
speed at 600- 
watt load 
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100 


| TOTAL INPUT 


POWER KILOWATTS 


3 EXCITER OUTPUT 
2 GENERATOR .OUTPUT 4 ROTOR INPUT 
5 SHAFT INPUT 


Fig. 4. Calculated 
power at 60-kw load 
speed range 40% 
to 90% of syn- 
chronous speed 


PERCENT SYNCHRONOUS SPEED 


carry reactive power in an efficient 
manner. For example, when transistor 
Qin rotor phase A turns off, the current in 
phase A rotor flows for a short additional 
period in the same direction, but through 
CR; rectifier of phase A. There is a 
slightly higher induced voltage, just 
enough to return the stored energy in the 
rotor phase back into the positive d-c 
through CR; rectifiers in the other phases. 


Test Results 


POWER RELATIONS 


The curves in Fig. 3(A) show test gen- 
erator power inputs for external loads 
from 0 to 800 watts, unity power factor, at 
70% of synchronous speed. These curves 
show power to rectifiers, to the d-c bus, to 
the generator rotor, to the shaft, and total 
input over the load range. Shaft and 
rotor inputs practically straight lines over 
the range of generator loads shown. 
Higher test loads could not be carried 
because transistor temperature ratings 
were exceeded and a number failed. 


The curves of Fig. 3(B) show test 
generator power inputs for an external 
load of 600 watts over a speed range from 
55% to 85% of synchronous speed. 
Speeds closer to synchronous speed could 
not be obtained because of wrong taps 
on the signal transformers. Shaft speeds 
lower than those shown caused transistor 
temperatures to increase above rated 
values and again a number failed. In 
Fig. 3(B) it is of interest to note that, 
while total input (exciter losses excluded) 
remains nearly constant at any speed, 
the power supplied by the shaft decreases 
with speed and increased generator rotor 
power is required. If these curves are 
projected to 100% synchronous speed, 
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only electric power input to supply d-c 
excitation losses would be required by the 
rotor; and shaft input would supply all 
other losses plus the load. 


HARMONICS AND UNBALANCED LOADS 


Harmonics in the output voltage are 
important but were not thoroughly in- 
vestigated in the ‘‘proof of principle’ 
tests. However, inspection of oscillo- 
scope traces show generator stator volt- 
ages that appear close to sine waves. 

It has been proposed that a floating 
synchronous condenser across the genera- 
tor terminals will be needed to meet 
military specifications with respect to un- 
balanced voltages when unbalanced loads 
occur and to meet specification harmonic 
requirements. Unfortunately, in addi- 
tion to the weight increase, two added 
bearings are introduced, that are subject 
to unpredictable failure, hence there will 
be reduced reliability and greater main- 
tenance. 

It is felt that all other possibilities 
should be investigated first, including a re- 
evaluation of military specification re- 
quirements, before a synchronous con- 
denser having bearings is added to the 
system. 


SEMICONDUCTOR FAILURES AND RATINGS 


The tests prove that if adequately 
rated semiconductors can be produced 
commercially, a frequency-make-up sys- 
tem with generator ratings up to 60 kva 
is practical. It is believed that this will 
occur in the near future. Germanium 
transistors were used in the tests and fail- 
ures occurred, probably chiefly due to 
deterioration from junction temperatures 
higher than rated value but also from 
added effects of transient voltages and 
currents. Unlike the generator, transis- 
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tors have little if any overload capabili 
in current, voltage, or temperature, 
for a few milliseconds above wh 
designated by one manufacturer as 
absolute maximum ratings. Power 
controlled rectifiers were not ava 
when the tests were started. Higher 
erature silicon controlled rectifier 
now available in larger ratings th 
transistors, and with some circuit m 
cation they can be used. They 
better overload characteristics 
transistors. Before practical app 
can be made for generator service 
maximum voltage and current to y 
the semiconductors will be subjected 
a given generator rating must first | 
determined. This will have to inclu 
generator overload, fault, overvoltage 
operational temperature conditions 
addition, for inverter or frequ 
changer operation, repetitive peak 
ages and currents which each semico 
tor must handle are greater than : 
rotor values indicate for any given loa) 
ing condition on the generator. Wl] 
these special conditions have all | 


loads on the semiconductors the pereei 
age of their absolute maximum rating ¥ 


should result. 


FREQUENCY CONTROL 


The frequency-make-up generaq 
shows excellent frequency control wii} 
step loads are added or subtraei I 
When a step load is added, only a 
crease in phase angle occurs because 
the load addition. This phase 
decrease is recovered when the lo 
removed. These changes are mu 
than mechanical constant-speed 
can attain. If oven-controlled 
are used as frequency reference, integrad 
error in frequency can be less than 
cycle out of 10° cycles. 


CALCULATED PERFORMANCE, 60-KvA 
GENERATOR 


The curves of Fig. 4 show calculag 
input-output power flow curves for 
kva frequency-make-up generator Opi} 
ating at unity power factor. The curi| 
are plotted with per-cent synchron# 
speed as abscissa, and for operation at } 
output from 40% to 90% of synchron# 
speed. The efficiency of this generay 
is several points better than cz 
achieved by a constant-speed drive < 
generator system in the important spf 
range from 60% to 90% of synchron 
speed, where most in-flight operat 
usually occurs. . 


NovEeM 


nclusions 


he following conclusions are obtained 
m the evaluation of frequency make- 
systems studied, and their comparison 
h mechanical constant-speed drive 
generator systems. 


The AB synchronous speed system is 
erred over a BTA system for a speed 
ge of two to one or less because of less 
nplicated signals, and controls. The 
ghts of the two systems are estimated to 
essentially the same, provided that 
al maximum rotor speeds are used. 
> average operational efficiency of the 
system is slightly better than for the 
system. Due to less complication, 
atenance will be lower in the AB system. 
P rating of the frequency changer on 
BTA system is about 70% of the rat- 


of the frequency changer in the AB 
em. 


If greater speed ranges than two to one 
required, the weight of the AB system 
ins to exceed that of the BTA system 
the BTA system might therefore be 
ected, although reliability would still be 
ajor consideration. 


Higher temperature and higher voltage 

current ratings in controlled diodes 
/or transistors are needed to build large 
ss C-type generators at this time. 
elopment of these semiconductors is 
igressing rapidly. It is probable, if de- 
Spment of such a generator is started at 
s time, that adequate semiconductors will 
ome available by the time other gen- 
or development problems have been 


When comparing a 60-kva AB fre- 
ney-make-up system with a mechanical 
stant-speed drive and generator system, 
lh having two-to-one speed ratio: 

The AB system weight is estimated to 
15 to 20% less. : 


The volume and total length will be 


The efficiency will be about 3 to 5 
mts higher at cruise and maximum engine 
eds. 

Maintenance and rebuilding costs will 
materially less. 

Frequency deviation for step load 
nmges will be reduced essentially to zero. 


(f) In-flight failures will. be reduced and 
reliability improved. 


Appendix 


To obtain a slip frequency signal through 
synchronous speed: 


Using Sum and Difference Relationships? for 
two voltage waves e and é, of equal peak 
magnitude Eo, but of different frequencies f; 
and fo. 


e:=Enm sin 2rtfy 
é2= Em sin 2rlfo 
€1—€2=2Ep sin wt(fi—f2) cos r#(fitfe) 
€1+€2=2Ey cos ré(fi—fe) sin ml(fitfo) 


If e; —ez is rectified full wave and e,+ > is 
similarly rectified; and the results are sub- 
tracted and filtered; a resultant funda- 
mental frequency f; —f2 =f; is obtained where 
fs equals slip frequency. Several high fre- 
quencies are also present before they are 
filtered out. This process is not efficient 
since a considerable portion of the power is 
lost in the transformation and filtering. If 
half wave rectification of the sum and differ- 
ence equations is used, the proportion of 
signal output over input power is less than 
for full wave rectification. It will be ob- 
served that the magnitude of either the sum 
or the difference equation is identical, only 
the phase position is different. 


Another area of investigation for ob- 
taining a slip frequency signal through 
synchronous speed is suggested in the fol- 
lowing manner: 

If two voltages cq: and cy. can be made 
available by electronic means; for example, 
by modulation, variable impedance, etc. 
They are expressed as 


€a1 =kfelo sin 2rtfr sin 2rtfe 
02 =kfoly cos 2rtfi cos 2rtfs 
Rfol 
A= see cos 2at(f1—f2) —cos 2rt(fitfo) 


vf 
eve " cos 2rt(fi—fe)-+eos 2rt(fitfe) 


ar ten = kfelo cos 2rtfs 


Since 


fs=fi—fz is the needed slip frequency. 
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Discussion 


M. Chirgwin and L. J. Stratton (Jack & 
intz, Inc., Cleveland, Ohio): It seems 
us that it is the development of semi- 
iductor frequency changers that has made 
(variable speed constant frequency) 
herating systems for aircraft feasible at 
stime. It is appropriate, therefore, that 
- Hoard’s paper should have been the 
st to be read at the first Air Transportation 
ssion on vscf generators, because Mr. 
ard was one of the pioneers of vscf genera- 
S which use semiconductor frequency 
angers. 

There are a number of points in the paper 
lich we would like to discuss. The first 


® 


concerns Table I wherein the weights of the 
main rotating machines of four different 
arrangements are compared. In TableI the 
speed range is 2:1 for all of the four arrange- 
ments but the actual minimum and maxi- 
mum speeds differ and, as Mr. Hoard points 
out, at least part of the weight differences 
shown in the table can be ascribed to these 
speed differences. 

In Fig. 5 we have attempted to present 
the variables in such a way that these speed 
differences can be taken into account in 
making weight comparisons. 

In this figure the weight of the generator 
and the weight of generator and exciter are 
both plotted as continuous functions of the 
speed which is selected as the synchronous 
speed of the generator. Some of the discrete 
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synchronous speeds which can be selected 
to give 400-cps output frequency from the 
main generator are shown on the horizontal 
axis. Curves are shown for the same mini- 
mum speeds and for the same 2:1 speed 
range used by Mr. Hoard in his Table I. 
The curves are based on the assumptions 
that the weight of a rotating machine is 
proportioned to its kva divided by its speed 
of rotation, and that the exciter rating is the 
system kva times the maximum per-unit 
slip, i.e., the losses and magnetizing current 
of the system are neglected. 

With these simplifying assumptions, the 
weight of the generator is inversely propor- 
tional to the synchronous speed selected and 
is independent of minimum speed and of 
speed range, as shown by the lower curve 
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Fig. 5. Rotating 
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of Fig. 5. When the synchronous speed of 
the generator is selected below the minimum 
speed or in the lower part of the speed range, 
then the weight of the exciter is determined 
by the maximum speed and the slip at maxi- 
mum speed. This condition gives the 
curved lines for the combined weight of ex- 
citer and generator shown in the left part of 
Fig. 5. When the synchronous speed of the 
generator is selected above a certain speed, 
“corner speed,” in the lower part of the 
speed range, then the exciter weight is deter- 
mined by the minimum speed and the slip 
at minimum speed. This condition results 
in the horizontal straight lines of the com- 
bined weight of exciter and generator shown 
in the right part of Fig. 5. The derivation 
of these curves is given in more detail in the 
Appendix. 

The significance of these horizontal 
straight lines is that in this region the com- 
bined weight of the two rotating machines is 
independent of the synchronous speed 
selected and is inversely proportional to the 
minimum speed. It is the division of weight 
between the generator and the exciter which 
is determined by the synchronous speed 
selected. It should also be noted that the 
horizontal line is the lowest combined weight 
for a given minimum speed. 

For an AA system the synchronous speed 
always falls in the curved combined weight 
region and is therefore always heavier than 
either a BTA or an AB system. This con- 
firms Mr. Hoard’s findings. 

Provided the synchronous speed of the 
BTA system is selected above the ‘‘corner 
speed” then, with the simplifying assump- 
tions, the combined weight is exactly the 
same as that of the AB system no matter 
what synchronous speed is selected. 

Provided the synchronous speed of the 
BTA system can be selected near the middle 
of the speed range, then the power rating, 
and the weight and volume of the power 
handling components of the frequency 
changer are all about 50% of those of an 
AB system having the same minimum speed. 
Because of this and because the machine 
weights are equal, the BTA system is the 
lighter. 

Mr. Hoard expects that there will be 
difficulties in operating the frequency 
changer with reversed power flow, and in 
maintaining control while passing through 
synchronous speed with a BTA system. 
We have found that these difficulties can be 
overcome with very little addition to the 
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12000 


weight and volume of, the frequency 
changer. 

When we come to actual systems, general- 
izations are difficult to make because many 
other factors such as losses, magnetizing 
current, power factor, overloads, and fault 
capability must be included when making 
weight comparisons. We have found from 
detailed comparisons of systems for a number 
of different specifications that with the BTA 
system the volume of the frequency changer 
permits it to be located inside the shaft and 
that the BTA system has the lowest weight. 

Since it is our company which has advo- 
cated the use of a floating synchronous ma- 
chine which we term a Voltage Balancer, 
we feel it incumbent upon us to say a little 
about the need for such a machine. If the 
Voltage Balancer were omitted, then the 
requirements of the system in respect to 
reactive kva, waveform, and fault capa- 
bility could all be met if suitable changes 
were made in other components of the sys- 
tem. But we believe either this machine or 
an equal induction machine is presently 
needed if the usual military specifications on 
voltage unbalance are to be met. Further- 
more, we feel that considerable development 
must occur before this machine can be re- 
placed by static components or eliminated 
altogether. 

As will appear in the reply to a discussion 
of our paper! by J. T. Duane, the presence 
of the voltage balancer allows a reduction in 
the weight of the main generator and exciter, 
since it supplies reactive kva to the system. 
We believe Mr. Hoard takes an unduly 
pessimistic view of the bearing problems of 
this machine, which will likely be located 
in a more favorable environment than the 
main machine. 

Appendix. Derivation of the Weight 
Comparison Curves 


This derivation is based on two simplify- 
ing assumptions: 1. The weight of a rotating 
machine is proportional to its kva output 
divided by its speed of rotation; 2. The 
rating of the exciter is the system kya multi- 
plied by the per-unit slip. 

The main generator is a synchronous flux 
machine so its weight is proportional to the 
system kva K divided by the synchronous 
speed, WVs, selected for this machine. 


K 
Generator weight = C-— (1) 
Ns 
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system, then equation 6(B) applies an 


where C is the constant of proportional 
Plotting this equation on Fig. 5 gi 
rectangular hyperbola, which is la 
Generator Weight. 

If the variable speed shaft which ¢ 
the rotating machines is rotating at a spe 
N then the slip at which the synchrona 
flux generator is operating is given by 


N;s—N 
Ns 


This equation results in negative values# 
slip when the shaft speed is higher the 
synchronous speed of the generator. 

The kva required of the exciter at t 
shaft speed N is 


Per-unit slip = 


N;—N 
Ns 


Exciter kva=K- 


This equation gives negative values for 
kva when W is above synchronous sf 
the interpretation of this negative si 
that at these speeds the exciter is working 
a synchronous motor and returning pow 
to the shaft. 

At this same shaft speed N the weightil 
the exciter required is given by 


Weight of it Cc: s— 
foaCees 
eight of excite NN 


In this equation the negative sign tlt 
appears when the speed WN is greater tk} 
synchronous speed should be ignored, sinj 
obviously the weight of the exciter wh 
operating as a synchronous motor is 
negative. 

Adding equations 1 and 4 gives the 1 
bined weight of exciter and generator n 
for the particular shaft oe N: 


K Nas al 
Combined weight =C- nite a a | 


for speed V when N<Ns_ 


when N>N, | 


- Collecting like terms in equations 5 


Ky, 
Combined weight =C- 7 


when N>Ns 


In the vsef system the shaft spee 
will vary over a speed range from N, 
Nmax. and machines of sufficient ratin 
weight must be provided to enable th 
tem to put out the rated kva, K, a 
speeds within this range. If Ns is selec! 
so that Nmax.<Ns, AB system, then 
tion 6(A) applies and the combined wei 
of the machines required for the speed 
is 


Combined weight for speed range 
=¢C. 


If Ns is selected so that Nmin.> 


NovEM 


mbined weight of the machines required 
the speed range is 


mbined weight for speed range 
K K 


=2C-— —=(¢ 
Ns Nmax. 


For the BTA system where Nmin.<Ny< 

hax, it is not immediately apparent whether 
ation 6(A) or 6(B) applies. So both 
puld be tried and the one that leads to the 
pater weight should be used. Doing this 
ds to the conclusion that equation 6(A) 
verns when J; is in the upper part of the 
eed range and equation 7 gives the correct 
mbined weight, that equation 6(B) 
verns when JN; is in the lower part of the 
eed range and equation 8 gives the cor- 
t combined weight, and that the change- 
er point occurs when the synchronous 
eed is so selected that the weight given by 
two equations is equal; that is, when 


K K 


Pees ——C: 
Nmin. Ns Nmax. 


(8) 


when 


Nmux. 5 Nmin 
=1/2-—— 
/ Nmazx. + Nmin. (9) 


his value of the selected synchronous 
eed given by equation 9 is called the corner 
eed. Equation 7 therefore applies at all 
eeds above the corner speed and equation 
t all speeds below the corner speed. 

In Fig. 5 the weights given by equations 
and 8 are plotted for the four values of 
min. that Mr. Hoard uses in his Table I. 


2ZFERENCE 


VARIABLE-SPEED CONSTANT-FREQUENCY GEN- 
ATOR SYSTEM FOR ArrcraFT, K. M. Chirgwin, L. 
Stratton. ATEE Transactions, pp. 304-10 of this 


'S. Toffolo (U. S. Naval Research Labora- 
ry, Washington, D. C.): The author 
eaking from experience, cites examples of 
eas where improvement of present day 
nstant frequency systems is desired. The 
ird example is a qualitative statement for, 
til the author defines poor, fair, good, and 
cellent quality of frequency supply in 
antitative terms, his assessment of the 
uation remains subjective. 

His statement concerning the elimination 
pecial high quality power stipplies needed 
sensitive loads is somewhat gratuitous. 
br such sensitive loads are usually equally 
rmonic conscious if not more so. Yet 
e author recommends, if all else fails, a 
evaluation of military specification re- 
irements. 

To the remarks concerning parallel opera- 
mn, the writer notes that this is what 
esent systems do and in addition to which 
esent parallel systems have synchronizing 
que going for them. The author should 
alize that his and all other constant 
locity magnetic field devices where the 
agnetic field has no fixed space relation to 
'y set of windings in the generator, have 
synchronizing torque between them. As 
consequence, there will be serious oscilla- 
ry load division problems which the author 
ll dearly wish he had never encountered. 
ple who wander with frequency-make-up 


where numerous are the pitfalls and deep 
the holes would be exceedingly wise to 
emulate the angels! 

After reading the author’s description of 
the system components and looking at the 
block diagram shown in Fig. 1, the writer 
is not convinced that proper real load divi- 
sion will occur simply because the author 
states that a phase shift in the reference fre- 
quency supply to the signal generator or in 
the signal generator stator windings will do 
the job. Has the author calculated the 
magnitude of the phase shifts required and 
the response times involved and how close 
to parity of load sharing such a scheme will 
achieve? 

Further, as the writer has pointed out in 
his comments to another frequency-make-up 
generator proposal,! has the author con- 
sidered what happens to his parallel system, 
in fact, to his entire generating capacity if 
the reference frequency is lost? Does the 
author not consider that such a failure is of 
the nature of an unpredictable failure and for 
him it is not only that but catastrophic as 
well? 

In view of the remarks made by the 
author concerning re-evaluation of military 
specifications, the writer regards the weight 
comparisons developed by the author as 
irrelevant. 

In the paper, the author states under 
“Test Machine” that limited tests were 
made to establish “proof of principle.” 
Proof of what principle? Proof that the 
frequency-make-up principle is a unity 
power factor principle? Even that he has 
not proved. For all unity power factor 
loads are not linear. In fact, for some elec- 
tronic loads, the flow of armature current is 
of the fractional cycle type, continuously, 
and stich loads, completely 3-phase balanced, 
will play havoe with his generator. One 
could, of course, re-evaluate the military 
specifications again. 

Under ‘‘Frequency Control” the author 
states that when a step load is added, only a 
decrease in phase angle occurs due to the 
load addition. The author does not define 
what this phase angle is. If he means by 
this the angle between the phasor represent- 
ing the excitation voltage and the phasor 
representing the terminal voltage, his state- 
mentisincorrect. Fora frequency-make-up 
generator, the power angle (the difference 
between the two phasors above) increases 
with load as in conventional generators. 

In this writer’s opinion, the remarks under 
“Conclusions”? are not conclusions, but 
speculations. For instance, the circuit 
shown in Fig. 2 cannot be used for controlled 
rectifiers if one merely replaces the transis- 
tors Q by controlled rectifiers. Since the 
author does not include any other schematic 
diagrams, the writer assumes from the 
author’s statements about simplicity et al, 
that it is his intention todoso. The author 
should investigate the problem of turning 
off the controlled rectifier once it has been 
turned on and tied to a positive d-c bus. 

The writer has no quarrel with those who 
strive to develop constant frequency genera- 
tors for flight vehicle systems. In fact, he is 
one of them. He does have a quarrel with 
those who presume to develop such a ma- 
chine for flight vehicle conditions and then 
propose to change the system conditions 
and/or present their case, based on in- 
finitesimal amounts of experimental data, in 
a rather speculative manner. 
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1. Precision PowER FREQUENCY WITH VARIABLE 
SPEED GENERATORS, S. E. Rauch, L. J. Johnson. 
AIEE CP 59-772 (available on request). 


Bert V. Hoard: I appreciate the discussion 
of my paper by Mr. Chirgwin and Mr. 
Stratton very much. It is stimulating to 
have honest differences of opinion as to the 
best way to develop new types of apparatus 
because it usually results in better equip- 
ement. Actually, in this case our opinions 
are not far apart. 


I believe that evaluation of weight and 
performance of the final hardware and pres- 
ently unknown developments in the semi- 
conductor field may well be the only means 
of determining which system will -be better 
or preferable. 


I think we can agree that if a rotating 
machine providing balancing action is 
necessary, and it could well be under present 
military specification requirements, that it is 
preferable to have a synchronous type bal- 
ancer rather than an induction machine; 
that considerable reactive kva for the system 
can be advantageously supplied by this ma- 
chine using d-c excitation rather than sup- 
plying it via the main exciter, the fre- 
quency changer, and the main generator; 
that weight and total generation losses 
could be saved. 


Mr. Toffolo has placed his own interpreta- 
tions on a number of the statements made 
in my paper. With most of these inter- 
pretations and conclusions I do not agree. 


With present efforts to obtain nearly 
balanced loads on a-c aircraft systems, I 
believe that a re-evaluation of the minimum 
unbalanced voltage requirements for un- 
balanced loads called for in military speci- 
fications should be made, and if these re- 
quirements can be relaxed, some weight 
will be saved in any a-c generator with 
negligible decrease in performance as long 
as the load is balanced. 


As to parallel operation of frequency- 
make-up generators, I foresee no paralleling 
problems anywhere near as difficult as those 
originally overcome before the 400-cycle a-c 
electrical system was finally successfully 
paralleled. An advance in the phase angle 
of the signal generator will gate excitation 
currents sooner in each cycle into the specific 
generator rotor and advances its phase angle 
electrically compared to another paralleled 
machine, and the machine will pick up a 
greater percentage of the total load. The 
machines have synchronizing torque as long 
as they have correct excitation. Ifa differ- 
ential real load loop is used for controlling 
the relative phase angle of gating excitation 
currents into the various generator rotors, 
Iam positive we can overcome Mr. Toffolo’s 
suggested pitfalls, holes, and even the oscilla- 
tions without special help from the angels. 
The response times for load equalization will 
be much faster than presently attainable by 
having to accelerate mechanical inertias to 
obtain phase angle shifts and provide for 
frequency recovery. 


I do agree with Mr. Toffolo that this sys- 
tem, if it has a single frequency reference, is 
vulnerable to failure similar to the one he 
referenced. This does not mean that mod- 
ifications to a single reference system can- 
not be made so that its failure will not be 
catastrophic to the system as a whole. 
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Regarding my statement “only a de- 
crease in phase angle occurs due to addi- 
tion of a step load,” since the intended con- 
clusions were not obtained by the reader, I 
should have amplified the statement. When 
a conventional generator which is driven 
by a constant speed drive has a large step 
load added to it, the governor and other 
controls act relatively slowly, and it is possi- 
ble to lose more than a complete cycle before 
the frequency is restored to normal value. 
If the constant speed drive is badly worn and 
the load increment is large, more than one 
cycle may be lost. On the generator with 
the step load addition, there also occurs a 
phase angle lag in terminal voltage behind 


its no load phase angle with respect to air 
gap flux as a reference, since it is the cutting 
of air gap flux that produces machines in- 
ternal voltage. 

On the frequency-make-up generator 
with addition of an equivalent step load a 
phase angle shift only occurs. This phase 
angle shift might be assumed to be greater 
than for the conventional generator espe- 
cially at low shaft speeds because of the in- 
creased lag between the applied excitation 
voltage and the resultant excitation current. 
Note that it is excitation current that pro- 
duces air gap flux in this generator system. 
Actually with the effect of the relatively slow 
mechanical control action included, the 
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Generator System for Aircraft 


K. M. CHIRGWIN 
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Synopsis: Variable-speed constant-fre- 
quency (vsef) generator systems are studied 
as an extension of well-known vscf motor 
technology. The vsef generator systems be- 
come practical for aircraft main generating 
systems when the commutator function is 
performed by semiconductor devices. It is 
concluded that the best scheme for this 
application is one using as the main gener- 
ator a wound rotor induction machine 
operated above and below synchronous 
speed, and a slip channel comprised of a 
semiconductor frequency changer and a 
synchronous machine driven by the vari- 
able-speed shaft. 

This system was built and tested in the 
laboratory using commercial-type machines. 
Test results and oscillograms are presented. 


VER SINCE 400-cycle electric sys- 
tems have been used on aircraft, it 
has been a goal of the aircraft accessory 
industry to generate this power from the 
variable-speed shaft of the prime mover 
without the need for a constant-speed 
drive. This is now possible using a vscf 
generator system. 

A vsef generator system is here defined 
as an assemblage of rotating electric ma- 
chines and other electric equipment that 
is capable of taking mechanical energy di- 
rectly from a shaft which rotates at a 


Paper 59-872, recommended by the AIEE Air 
Transportation Committee and approved by the 
AIEE Technical Operations Department for pres- 
entation at the AIEE Summer and Pacific General 
Meeting and Air Transportation Conference, 
Seattle, Wash., June 21-26, 1959. Manuscript 
submitted March 23, 1959; made available for 
printing May 4, 1959. 


K. M. Currcwin and L. J. Stratton are with Jack 
and Heintz, Inc. Cleveland, Ohio. 
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variable speed and converting this energy 
into a-c electric energy at a constant fre- 
quency. 

The vscf systems will likely have many 
applications. This paper is confined to 
the use of such a system as the main elec- 
tric generating system of an aircraft. 
Application in this manner sets definite 
bounds to the system. For example, rat- 


‘ings are probably from 20 to 120 kva, the 


output is 120/208 volts, 3-phase, 400 cps 
(cycles per second), to meet specifications 
indicated in reference 1, or some similar 
specification. The input shaft rotates at 
conventional drive-pad speeds; that is, a 
speed range of between 2:1 and 3:1 with 
a mid-range speed of approximately 6,000 
or 8,000 rpm. 


VSCF System Classification 


The vsef systems operated as motors? 
have been known for a long while, and a 
great deal of knowledge has accumulated 
over the years. In a vscf motor system 


the frequency is determined by the fre- Slips Synchronous Speed 
quency of the synchronous supply system 
Table 1. WSCF Power Circuits 


total phase angle lag will be much great: 
in the conventional system. With a g 
reference system the frequency-make-r 
system may give integrated frequ 
accuracy of one part in 10° cycles an 
stantaneous frequency deviations co 
ably less than one cycle. Mech 
frequency controlled systems do not q 
proach these values. 

I feel the weight comparisons for e 
and generator, the two heaviest pict 
decidedly relevant for the comparison : 
poses usedinthe paper. Ifrequirement: Pe 
placed on one generator which increase 
weight then a proportional weight increa 
will occur in the other generator system. 


] 


from which the motor derives its pow 
In a vsef generator system, however, 
frequency reference signal must be add 
to the system in such a way that it det 
mines the frequency at which the pe 
is generated. Ways in which the i 
quency-reference signal may he integre 
with the rest of the generating syste a 
not be discussed, since they are outs 
the scope of this paper. 

When the power-handling parts of 
system are considered, the vscf motor ai 
the vscf generator systems are essen ti 
the same and can be conveniently ¢ 


’ fied in three groups as shown in Fig. 


Table 1. Fig. 1(A) shows a wound-t : 
induction machine with a variable ress 
ance connected across the slip rini 
When operated as a motor on a cons te 


be reduced below synchronous speed | 
an amount which depends upon the Idi 
on the shaft and the amount of resistan} 
in the rotor circuit.® 
a vsef generator, this scheme allows 
speed of the shaft to be raised above pa: 
chronous speed by an amount which 
determined by the power output oi t | 
generator and the amount of resistance 
the rotor circuit. For either the motor 
the generator, power equal to the ¢ 
times the power output is dissipated in 
resistances. Slip is defined by equati 


ike i 


Synchronous Speed — Actual Spe ed 


Classification 


Synchronous flux, wasteful, 


Fig. 1(A)* 
Synchronous flux, differential, 

Fig. 1(B)f from shaft 
Full rated, Fig. 1(C) full power 


* Eliminated because losses are large in wide speed range. 


+ Single or double range. 
synchronous speed is difficult. 
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Power Relations 


slip power wasted in resistances 


slip power returned to or supplied 


Double range halves slip, slip frequency, and slip power, but passing th 


Commutator Machines 


none ; 
} 
i 
} 
} 


| 


handles slip power at slip 
quency . 

handles full output power at 
cps frequency 


NOVEMBER 


400 CPS 
OUTPUT 


QOQQU0U 
QOQQV00 


VARIABLE 
RESISTANCE 


(A) 


1. Some vscf power circuits. 


hen the speed range is as wide as 2:1 
:1, the power lost in the resistances is 
e, being at least equal to the power 
put for a 2:1 speed range and at least 
e the power output for a 3:1 speed 
ge. This large amount of power has to 
dissipated and, in addition, the air- 
e has to carry extra fuel in order to 
erate this additional power. Because 
the penalties imposed by these two 
ors, wasteful schemes of this nature 
not considered for aircraft appli- 
m. In Table I this scheme is classi- 
as a synchronous-flux system,‘ since 
urdless of the speed of rotation of the 
t, the air-gap flux of the induction 
ine rotates at synchronous speed. 

g. 1(B), which is also classified as a 
aronous-flux system, uses the same 
nd-rotor induction machine, but 
, instead of slip power being wasted 
psistances, it is returned to the shaft by 
of an auxiliary commutator ma- 
e. 

a the third classification, Fig. 1(C), the 
liary commutator machine is in- 
ed in size to handle the full output 
er of the system and the induction 
hine is eliminated. This scheme is 
a synchronous-flux scheme; how- 
, schemes derived from this but which 
other means of commutation do not 
a synchronous flux. This scheme, 
efore, is classified as a full-rated 
me becatise the commutator has to 
die full output power of the system. 
he arrangements shown in Figs. 1(B) 
1(C) are representative only. The 
motor technology includes so many 
rent arrangements that it is not pos- 
s to discuss them in detail. It is, 
ever, possible to draw a number of 
sral_ conclusions. 

ncluded in the differential synchro- 
s-flux category shown in Fig. 1(B) are 
power handling schemes which allow 
‘system to operate on one side of 
shronous speed only, because real 
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400 CPS 
OUTPUT 


power can flow in only one direction 
through one or more of the slip channel 
Such a slip channel cannot 
transmit reactive power because reactive 
power requires reversal of power flow 
once each cycle, so the system must be 
magnetized from the stator (high fre- 
quency) side of the induction machine. 


components. 


SLIP POWER 


SLIP FREQUENCY 
EXCITATION 


(B) 


; A—Wound-rotor induction machine with resistance in the rotor circuit. 
machine with Scherbius machine handling the slip power. C—Full rated scheme, shunt commutator machine 


400 CPS 
OUTPUT 
400 CPS 
EXCITATION 
(c) 
B—Wound-rotor induction 


gory in which the slip channel can handle 
power in either direction, so the system 
can be magnetized from the rotor (low 
frequency) side of the induction machine, 
but the system is still confined to oper- 
ation on one side of synchronous speed be- 
cause, for one of a number of reasons, the 
system cannot pass through synchronous 


There are other schemes in this cate- speed. 
Table Il. Commutating Components 
Two-Way 
Conduction Rectifier 
Controllable Uncontrolled Limited Control Controllable 
rotating machine 
with commu- 
tator 
Components mechanical uncontrolled diode with modu- controlled  recti- 
rectifier rectifier lator fier 
symmetrical tran- (diode) 
sistor 
any delay no delay limited delay any delay 
Characteristics controlled recti- natural commu- controlled recti- controlled recti- 
fication and in- tation, fication fication and in- 
version d-c only version 


single range full 


single range 


rated double range 
full rated 
Application to vscf eliminated not possible no lagging any power-factor 
systems power-factor load 

load 

Table III. Comparison of VSCF Systems 

Differential Synchronous Flux 
Items Double Range Single Range Full Rated 


Power in commutating com- 
ponents 2:1 speed range 


Pad speeds 


Total system weight 
Efficiency 

Voltage balance 
Parallel operation 


Wave form 


Fault capability 


Complexity 


1/3 of output 1/o of output 


kva kva 
compatible with present pad 
speeds 
lightest intermediate 
highest lower 


rotating voltage balancer 
no problem 


combination of induction genera- 
tor and rotating voltage bal- 
ancer give good waveform 

inherent overload capabilities of 
rectifiers and machines are suffi- 
cient for usual faults 

similar to rotating rectifier ma- 
chine with control of rectifiers 
(partly rotating) plus voltage 
balancer 


full output kva 


smaller ratings could use higher 
speeds, but gears needed with 
present engines 

heaviest 

lower 

could use individual phase regu- 
lation 

individual phase regulation com- 
plicates problem 

wave shaping necessary 


rectifiers must be increased in 
size for 5-per-unit faults 


rotating rectifier or other brush- 
less machine plus stationary 
frequency changer and wave 
shaping 


Note: Driven machine for each of the three systems will fit in space presently available. 
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larger one 


Fig. 2. Silicon p-n-p-n switches: 
rated 50 amp, 300 volts maximum; smaller 
one rated 16 amp, 400 volts maximum 


There are still other schemes in this 
category which can successfully pass 
through synchronous speed and can oper- 
ate either above or below or at synchro- 
nous speed. Such schemes are called 
double range. The slip channel of these 
schemes must be able to handle power in 
either direction, so they are inherently 
capable of magnetizing the system from 
the rotor side. The Scherbius system of 
Fig. 1(B) falls in this group. 

In all the nonwasteful synchronous flux 
schemes there must be at least one com- 
mutator-type machine, or its equivalent, 
which handles power at least as great as 
the slip times the power output of the 
system. 

When full-rated systems, Ree ne in Fig, 
1(C), are considered, there is no question 
of operation above or below synchronous 
speed, and usually there will be no need to 
reverse the direction of power flow in the 
commutator. However, if the commuta- 
tor is not capable of 2-way power flow, 
then it is not possible to supply reactive 
loads. 

Of the schemes so far discussed, the 
‘first, Fig. 1(A), has been eliminated be- 
cause it is wasteful. The two remaining, 
Figs. 1(B) and 1(C), both use a-c com- 


400 CYCLE POWER 


KVARE KW 


VOLTAGE REGULATOR § F 

SENSING & i 

EXCITATION POWER 

D-C FIELD EXCITATION 
<< 


mutators which have to handle a sub- 
stantial amount of power. Such commu- 
tators, as is well known, are not workable 
in aircraft-type environments; before an 
aircraft vscf system becomes practical, 
some other means of performing the com- 
mutating function must be used. 


Commutating Devices 


Table II lists a number of different de- 
vices which can be used to perform the 
commutating function. In the first col- 
umn, three components are listed as being 
2-way conducting and controllable. This 
means they are capable of carrying cur- 
rent in either direction and that the in- 
stant at which they switch or commutate 
can be controlled. The rotating machine 
with commutator is, of course, well 
known. However, it is eliminated from 
use in vscf systems because even at sea 
level its output frequency is limited to 
well below 100 cps. The mechanical 
rectifier is a mechanically controlled 
switch which has seen considerable de- 
velopment in the electrochemical indus- 
try. This, too, is unsuitable for use in the 
airplane environments at the frequencies 
required in vscf systems. The third de- 
vice included under this listing is a sym- 
metrical transistor. This device is suit- 
able for operation in aircraft environ- 
ments, but unfortunately its power rating 
is so small that it, too, is eliminated for 
use in aircraft vscf systems. 

The remaining components listed in 
Table II are inherently rectifying devices, 
so somne circuit arrangement using two of 
the components back to back must be 
used in order to handle current both into 
and out of the power source or load. 

Included under the heading of uncon- 
trolled rectifier (diode) are the mercury- 


CONTROL 4 
PANEL y 
SENSING 


De 


VOLTAGE & 
FREQUENCY 
REGULATOR 


Bx OLTAGE 


BALANCER 


FREE Pagrus 
CONSTANT SPEED 


Fig. 3. A vsef system block diagram 
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. trolled entirely by the power circuit vc 


‘rectifier when used alone cannot pi 


Fig. 4. Simulated controlled rectifier ‘ 
rack for 18 units and cooling blower 


are rectifier and the semiconductor fe 
fier. These components have four 
very large application in conversio: 
a-c into d-c energy. These compone 
suffer from the disadvantage that 
stant at which they commutate is eq 


Une 


ages. Because of this, the uncontrol)] 
anything other than d-c energy anc 
cause of this cannot result in a vsef s¥¢ 
tem. 

Under the heading of controlled ree 
fier are included such devices as the gx 
controlled mercury-are rectifier, the 
nitron, the Thyratron, and such new se dl 
conductor devices as the transistor 
the p-n-p-n switch.5§ With any of th 
components, the instant of firing cant 
delayed by any amount. This me@ 
both controlled rectifier operation and 
verter operation are possible. Tha 
power can be handled in either direet 
by circuits using these components, 
has already been seen, capability of 
dling power in either direction results 
vscf system which can be double faz 
and which can be magnetized from 
low-frequency side. 

Intermediate between the uncontros 
and the controlled rectifier is an und 
trolled (diode) rectifier together with s¢ 
form of modulator. Such a combi 
is capable of a limited amount of ¢ 
Because of the limit on the amou 
delay controlled rectifier operation #g 
sible, but not inverter operation. 
is, power can flow in only one dire 
This, as we have seen, leads to a vse | 
tem which is single sided and which mi 
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Fig. 6. Frequency changer with control and test instrumentation 


- 5. Wound-rotor induction generator and synchronous exciter on 
the drive stand. Both machines are NEMA 284 frame size 


magnetized from the high-frequency 
)-cycle side. 
Whe foregoing analysis leads to the 
helusions that if there are no commu- 
ing devices of any kind in the power 
ndling circuits of the system, then the 
1eme is a wasteful one.’ If there is a 
nmutator machine in the power han- 
ag circuits, then either the frequency or 
speed range capability of the system 
everely limited. If uncontrolled recti- 
s together with some kind of modulator 
bused in the power-handling circuits, 
n there must be capacitors to magne- 
= the system, and the scheme can be 
her a full-rated or single range synchro- 
is-flux system. If controlled rectifiers 
‘used, then the scheme may be a full- 
ed system or either single or double 
ge synchronous-flux system, and ca- 
tors are not needed for magnetiza- 
* 


> 


mparison of VSCF Systems 


A comparison of nonwasteful vscf sys- 
ds is shown in Table III. 

[hree systems are compared: a full- 
ed system; a synchronous-flux system 
ch operates above and below synchro- 
is speed; and a synchronous-flux sys- 
h which is confined to one side of 
chronous speed. 

rom considerations illustrated in 
fle III and because of the power 
igs of presently available semicon- 
tor components, jt is concluded that 
best system for application as an air- 
it ‘main generator is a double-range 
chronous-flux system. As has pre- 
BY been pointed out, such a system 


SVEMBER 1959 


Red 


must use controlled rectifiers, and the 
only available controlled rectifier which 
is suitable for aircraft environments is 
the silicon p-n-p-n switch. This device is 
now available in ratings large enough to 
meet most present aircraft requirements 
as shown in Fig. 2. In fact, it is the ad- 
vent of this component which has made 
aircraft vscf systems practical at this 
time. 


Description of the System 


A block diagram of the system is shown 
in Fig. 3. 

There are two machines on the vari- 
able speed shaft: one the synchronous- 
flux wound-rotor induction generator; the 
other, a salient-pole synchronous exciter 
which in combination with the semi- 
conductor frequency changer handles the 
slip power. The salient-pole synchro- 
nous exciter is an inside-out machine with 
the d-c field winding on the stator and the 
a-c output winding on the rotor. The 
frequency changer is located inside the 
shaft and rotates with it. This results in 
a brushless configuration similar to the 
well-known rotating-rectifier alternator. 

A 400-cps reference-frequency signal is 
provided by a tuning fork or oscillator 
housed in the same package as the volt- 
age regulator. This signal controls the 
frequency changer. 

The block diagram shows one block 
called a voltage balancer. This is a free- 
running synchronous machine floating 
across the 400-cps bus bars. It is in 
reality a synchronously rotating amor- 
tisseur, whose prime function is to main- 
tain balanced voltages when the load 
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currents are unbalanced. In addition, it 
supplies some reactive kva to the bus, 
helps in shaping the 400-cps output volt- 
age wave, and contributes to the fault 
capability of the system. 


Description of the Hardware 


Studies along the lines already indi- 
cated showed that a vscf aircraft main 
generator system would be practical and 
competitive in size and weight, when sili- 
con p-n-p-n switches became available in 
power ratings of several kw. 

Instead of waiting for these components 
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0.8 09 1.0 tl 1.2 
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Fig. 7. Frequency changer power output 
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Fig. 8. Oscillogram of the slip frequency 
voltage fabricated by the frequency changer 


Fig. 9. Oscillogram of the slip frequency 
current flowing in the frequency changer 


Fig. 10. Oscillogram of slip frequency cur- 
rent and voltage showing current leading the 
voltage by approximately 100 degrees 


to become available, it was decided to 
build and test hardware using available 


components, in order to prove the prin-— 


ciples and to explore as many of the prob- 
lems as possible. 

The first system was essentially that 
shown in the block diagram of Fig. 3 ex- 
cept that the frequency changer was 
stationary and both the rotating machines 
were provided with slip rings. The con- 
trolled rectifiers required for the fre- 
quency changer were simulated by using 
three transistors and approximately 15 
other circuit components to represent 
each controlled rectifier. Fig. 4 shows 
in the foreground one simulated con- 
trolled rectifier mounted on its heat sink. 
Visible behind this is a rack in which 18 
simulated controlled rectifiers are 
mounted; part of the blower used to cool 
them is also visible. With this appara- 
tus, a few kva of constant 400-cps fre- 
quency power was successfully generated 
from a variable speed shaft. 

As soon as it was determined that the 
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available silicon p-n-p-n switches were 
sufficiently advanced in their develop- 
ment, a second set of hardware was built, 
using this component in the frequency 
changer, and incorporating all the im- 
provements resulting from work with the 
first set of hardware. Fig. 5 shows the 
two rotating machines mounted on the 
drive stand; these are standard com- 
mercial machines and are provided with 
slip rings. Fig. 6 shows the stationary 
frequency changer together with the 
control and test instrumentation. 

The system shown in these two illus- 
trations, Figs. 5 and 6, is essentially that 
shown in the system block diagram of 
Fig. 3, except that voltage regulation is 
performed manually, the frequency 
changer is stationary, and the two rotat- 
ing machines are provided with slip rings. 


Test Results 


An extensive program of tests was car- 
ried out using the hardware shown in Figs. 
5 and 6. From these tests the following 
conclusions can be drawn. 

1. A double-range synchronous-flux 
vscf generator system for a speed range of 
2:1 or more is feasible, and in particular 
that the difficulties of passing through 
synchronous speed have been overcome. 

2. The frequency of the power gen- 
erated follows that of the frequency- 
reference signal exactly, no matter what 
the speed of rotation of the shaft may be, 
with frequency transients which amount 
to no more than wave distortion, and 
phase shift. This means that the inte- 
grated frequency error of the system is 
the same as that of the reference, which 
can be made very small, and that the 
frequency transient is so much reduced 
that a new definition is required. 

3. The system behaves substantially 


Fig. 13. A 60-kva vscf generator, oil-cooled 
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: j 
Fig. 12. Oscillogram showing output we 
with d-c excitation of induction generator rey 
. 
} 
in the manner predicted. Fig. 7 i| 
plot of measurements of the real an 
active power output of the freq ed 
changer for various 400-cps toadf | | 
power factors, over a speed range. T 
plots agree, within the limits of e 1 
mental error, with theoretical pre 
tions.’ | 
4. The frequency changer iabried 
the correct slip frequency voltage | 
current and can handle real and reacd 
power flow in either direction. | 
measurements plotted in Fig. 7 show? 
latter. The oscillogram of Fig. 8 sh 
the slip frequency voltage that is fal 
cated by the frequency changer, Fil] 
shows the slip frequency current, 
Fig. 10 shows the current and voltagy d 
the same oscillogram with. the e 
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ase relationship, the current leading the 
ltage by about 100 degrees in the case 
wn. 

5. Acceptable 400-cps output voltage 
ve shape results. Fig. 11 is an oscillo- 
am of the 400-cps output current and 
Itage with a lagging load of about 0.65 
wer factor, taken without the voltage 
ancer connected to the systems. The 
rent wave shape is quite acceptable, 
voltage wave shape contains some 
pple; however, a major part of this 
yple is due to slot harmonic voltage in 
e induction generator and could, there- 
e, be eliminated by proper design of 
$ machine. Fig. 12 is an oscillogram 
the 400-cps output voltage of the in- 
ction generator when its rotor is ex- 
ed with direct current, where the slot 
rmonic voltage is clearly visible. 


tual System Designs 


a result of the extensive test pro- 
am with the laboratory system, it has 
en possible to make extrapolations to 
ual aircraft systems with a fair degree 
accuracy. A number of complete air- 
ait systems have been designed. Fig. 
is a cutaway view of a 60-kva 4,500/ 
)00-rpm oil-cooled machine. 


5e can be built using the silicon p-n-p-n 
tches which are now becoming avail- 
e. These systems are competitive in 
e and total weight with present hydro- 
chanical constant-speed drive and syn- 
onous generator combinations, and 
y have better efficiency, much better 
quency regulation, and will likely prove 
be more reliable than the present con- 
nt-speed drive and generator com- 
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Discussion 


J. T. Duane (General Electric Company, 
Erie, Pa.): The authors are to be compli- 
mented on an interesting and informative 
discussion of their approach to the gen- 
eration of constant frequency power with 
variable speed machines. Generator con- 
figurations of this type are receiving increas- 
ing amounts of attention throughout the 
industry and the experimental results re- 
ported here provide a useful supplement to 
some of the theoretical work already pub- 
lished. 

Previously available discussions of vscf 
systems using induction generators, as men- 
tioned in references 7 and 8 of the paper, 
have presented careful and complete anal- 
yses of power flow and distribution within 
the induction generator. Unfortunately, 
equal attention has not been given to the 
problems associated with the generation and 
transfer of reactive power. Since the au- 
thors are reporting experimental data, their 
comments on the problems associated with 
reactive power distribution should be ex- 
tremely interesting. 

It is necessary to supply significant 
amounts of lagging reactive power to in- 
duction generators whenever they are oper- 
ated at slip other than zero. In typical in- 
duction motors this reactive power require- 
ment represents a significant percentage of 
total rating. Do the authors feel that this is 
the case in the systems they describe, and 
can they offer an estimate of the reactive 
power requirements for the induction gen- 
erator as a percentage of system output? 

All reactive power in the system shown in 
Fig. 3 must be supplied by either the syn- 
chronous exciter or the voltage balancer, at 
other than zero slip. It would appear desir- 
able to minimize that portion of the re- 
active power generated by the synchronous 
exciter, since those kilovars (kvar) must be 
transferred through the frequency changer 
and the induction generator thus increasing 
the size of both of these elements of the 
system. Have the authors reached any 
conclusions as to what a desirable balance is 
for the division of reactive power generat- 
ing capability between the synchronous ex- 
citer and the voltage balancer? 

The paper points out that the use of a 
floating synchronous machine on the line 
can provide amortisseur action to yield bal- 
anced voltages under unbalanced load con- 
ditions. This will require that the floating 
machine have a low value of negative se- 
quence reactance. The authors suggest 
that this can be obtained with a relatively 
small machine. Experience in the design of 
conventional synchronous alternators sug- 
gests that ohmic values of negative sequence 
reactance are closely coupled to machine 
size. Do the authors feel that special or 
unusual design techniques will be required 
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to build a voltage balancer with a negative 
sequence reactance as low as a conventional 
generator without the device being almost 
as heavy as the conventional generator, and 
are such techniques already available? 

If the voltage balancing function can be 
provided by a very small machine, will it 
have the power-dissipating capability neces- 
sary to permit extended periods of operation 
under conditions of unbalanced system 
loads? 


Bert V. Hoard (Boeing Airplane Company, 
Seattle, Wash.): The authors have written a 
very good paper on a complex subject. 
However, there are some areas on operation 
and performance of the system which, if 
amplified, will improve its value. The 
authors state that the difficulties of passing 
through synchronous speed have been over- 
come. Have the tests shown any tendency 
toward roughness, or harmonics of slip fre- 
quency in output voltage, or current at or 
near synchronous speed, as the generator 
rotor slips or commutates from one phase to 
another in a slip cycle? 

The oscillogram trace of slip frequency 
voltage, slip frequency not stated, in Fig. 8, 
as fabricated by the frequency changer, 
indicates a considerable amount of certain 
harmonics although the current flowing 
(Fig. 9) has a materially lower percentage of 
harmonics. How do these harmonics affect 
the weight and efficiency of the frequency 
changer and the exciter at, say, minimum 
speed and at synchronous speed? 

The frequency changer real and reactive 
power output curves, Fig. 7, are quite inter- 
esting. At minimum speed, 25% slip, and 
unity power factor load on the generator, 
it appears that more reactive power must 
be supplied by the frequency changer to the 
generator rotor than real power. And 
when the load power factor is lagging at 
64%, the reactive power required is almost 
100% greater than the real power require- 
ments at unity power factory. Is it correct 
to conclude that reactive requirements of 
the generator rotor have more influence in 
determining the rating and weight of the 
exciter and frequency changer than real 
power requirements of the generator rotor 
both at the minimum speed? 

Normal loading for the semiconductors in 
the frequency changer that is considerably 
below their rating, probably has been neces- 
sary to prevent failure during abnormal gen- 
erator loading conditions. These abnormal 
conditions may be 200% load, or balanced 
or unbalanced faults, followed by removal 
of the abnormal load and then transient 
high over voltage occurs. Have any ap- 
proximate derating factors been determined 
for the semiconductors to prevent failure 
during these abnormal conditions? 

What is the expected efficiency of the 60- 
kva generator, Fig. 13, when operating at 
rated load and power factor at minimum 
speed and at synchronous speed? 


K. M. Chirgwin and L. J. Stratton: Mr. 
Duane raises the problem of the flow and 
distribution of reactive power in the induc- 
tion generator. This problem is analyzed 
in reference 8 of the paper, but from the 
questions that have been asked it seems that 
this problem is not well understood. 

The behavior of an induction machine 
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Fig. 14. Rotor power requirements of the 
induction generator 


when its rotor circuits are excited by an ex- 
ternal source differs from its behavior when 
its rotor is short-circuited or closed through 
resistances. In particular the excited induc- 
tion machine is capable of generating re- 
active kva. A fraction s of the kvar gen- 
erated in the stator must be supplied to the 
rotor from the external exciting source, but 
the balance or a fraction 1 —s times the kvar 
generated originates inside the induction 
machine itself, where s is the per-unit slip. 
Operation at synchronous speed is not an 
isolated point but merely the point at which 
s is zero and where all the kvar originates 
inside the induction machine. Above syn- 
chronous speed more kvar than is needed is 
generated inside the induction machine and 
the extra kvar is absorbed by the external 
exciting source. 

The curves of Fig. 14 have been prepared 
to show the real and reactive power require- 
ments of a 60-kva flyable prototype system 
which our company is presently building. 

Mr. Duane asks what is a desirable bal- 
ance between generating kvar in the voltage 
balancer on the stator side and generating 
kvar in the synchronous exciter on the rotor 
side of the induction generator. The volt- 
age balancer is a constant speed, probably 
high-speed, machine, probably operating in 
a favorable environment and so can un- 
doubtedly put out a given kvar for less 
weight than can the synchronous exciter, 
On the rotor side of the induction generator, 
however, only a fraction s of the kvar is 
needed, so this favors the exciter, but han- 
dling these kvar increases the size and weight 
of the frequency changer and the induction 
generator. So we prefer to make the trade 
off between the voltage balancer and the 
main machine package, which comprises 
exciter, frequency changer, and induction 
generator. 

In making such a trade off all the follow- 
ing functions of the voltage balancer should 
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be considered, since if they are not per- 
formed by the voltage balancer then the 
weight of the main machine or other compo- 
nents of the system must be increased: 


1. Voltage balance 

2. Supply of kvar 

3. Output wave shaping 
4. Fault kva capability 


If the trade off is based only on consider- 
ations of kvar then it can be said that low 
synchronous speed of the voltage balancer, 
now a synchronous condenser, high mini- 
mum speed of the main machine, and nar- 
row speed range of the main machine, all 
tend to reduce the proportion of the kvar 
that should be supplied by the voltage bal-. 
ancer. In the limit this will lead to a con- 
stant speed synchronous alternator where, 
as is well known, no synchronous condenser 
is indicated. 

In vsef systems designed to meet military 
specifications the size of the voltage balancer 
is determined by the voltage unbalance re- 
quirements. The data given below refer 
to the voltage balancer which forms part of 
the 60-kva flyable prototype system which is 
presently being built. The nominal rating 
of the voltage balancer is 15 kvar. On the 
15-kvar base, the negative sequence quanti- 
ties are: reactance 7.45%, resistance 4.15%, 
impedance 8.45%. 

The electromagnetic weight of this ma- 
chine, while it is greater than that of a con- 
ventional 15-kva synchronous condenser, is 
only about one half the weight of a conven- 
tional 60-kva alternator for the same speed 
and environment. The design to achieve 
this is unusual because the requirements are 
unusual, but the design techniques are no 
different from those used for normal syn- 
chronous machines. The thermal capabil- 
ity of the amortisseur of this voltage bal- 
ancer is such that it can carry continuously 
a single-phase current equal to one third of 
the normal full load current of the system. 

Mr. Hoard asks if there is any tendency 
toward roughness in the output voltage 
when operating very near synchronous 
speed. 

The operation of the frequency changer is 
the same whether the frequency being fabri- 
cated is 100 eps or a fraction of a cps so syn- 
chronous speed does not represent a dis- 
continuous point and there is no tendency 
toward roughness in passing through this 
speed. During demonstration of our vscf 
hardware we have shown that, with the drive 
stand speed set as close as possible to syn- 
chronous speed, the output wave form of the 
frequency changer automatically compen- 
sates for speed irregularities caused by the 
drive stand governor. In fact, the fre- 
quency changer fabricates the most precise 
wave when the ratio of input to output fre- 
quencies is the greatest. Therefore, oper- 
ation near synchronous speed represents the 
best condition since the ratio is approaching 
infinity. 

As can be seen from Fig. 8, the fabricated 
slip frequency voltage which is approxi- 
mately 70 cps, contains harmonics, with 
1,400 cps being the largest component. 
These harmonics result from the fabrication 
process wherein a low-frequency voltage is 
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producing them in the conversion proce: 


fabricated from a high-frequency vali 
switching in pieces of the high-frequence: 
waves. q 
A choke is included in each phase on th 
frequency changer to absorb the harm 
in the same way as a choke is used to 
the output of a d-c rectifier power su 
The effectiveness of these chokes is illus 
trated by the smoothness of the slip fre 
quency current wave. The weight of © 
chokes is determined by the mini 
speed since the harmonic frequencies are th 
lowest for that condition. From other eon 
siderations, the weight of the exciter is 
determined by the minimum speed and 
additional harmonic power represents 0 
slight increase in the total exciter kva, ar 
only a slight increase in exciter weight. __ 
The harmonics do not materially affect ti 
frequency changer efficiency since the f 
ward voltage drop of the controlled rectifie 
is in the order of a volt and the slig! 
crease in current contributed by the 
monics does not represent many 
Because the controlled rectifiers are 
“full-on” and are ‘‘naturally commutate 
to ‘‘full-off,’’ they provide the most effies 
switching process. It is important that 
semiconductor frequency changer be 
ated in this manner since if wave shapi 
accomplished by absorbing voltage ac 
the switching element, appreciable po 
dissipated in the switch with attendant Id 
in efficiency and with considerable de 
of the switching element. Therefore, 7 
better to allow harmonics to be produced 
the conversion or frequency changing pre 
ess and to filter them out, rather than a ; 


i 
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causing high power dissipation in the swii 
ing elements... 

The ratio of real and reactive power 
shown in Fig. 7 presents a somewhat 
torted picture since the wound rotor ind# 
tion generator used for the data was a eo 
mercial machine having a magnetizing 
active power requirement equal to 1.6 ti 
its output kva rating. More typica 
quirements for a 60-kva system with a 
kvar voltage balancer are shown by Fi 
The rating and weight of the freal ere 
changer is determined by the max 
kva which occurs at either the minimu 
maximum speed. 

The amount of derating of the sem 
ductors in the frequency changer de 
not only on meeting overload and fau 
ditions but also on cooling air velocity 
temperature. Presently available 
trolled rectifiers are rated for a con 
ous peak inverse voltage of 300 vol 
a current of 50 amperes which corres 
to 15 kw. Since 18 controlled rectifi 
used in the frequency changer, and 
approximately 30 kva need be conver 
the frequency changer for a 60-kyv: 
chine, adequate switching capacity is 
able in presently available con 
rectifiers. 

Calculated efficiencies for a 60-kva vs 
cooled machine similar to that shown it 
13 including voltage balancer losses 
82.2% at minimum speed and 81.6% ai 
chronous speed for rated kva and 
power factor load; and 77.1% at min 
speed and 77.4% at synchronous spet 
rated kva and 0.8 power factor load. 


A High-Capacity Maintenance-Free 
Generating System for Motor Coaches 


HE TREND of electric loads on mo- 
bile equipment has been upward at an 
-increasing rate since the first gen- 
ors were installed on automobiles in 
9. 

n the past the load-trend curve has 
ghly followed that of the electrical 
ity industry which doubles in load 
y 10 years. But the adoption of air- 
ditioning equipment in recent years 
increased the connected load on 
omotive-type equipment far beyond 
value which would have been pre- 
ed by the load-trend curve. The 
hest electric load on commercial ve- 
es is encountered on city coaches. 
= growth of the electric load for coaches 
hh 12-volt systems is shown in Fig. 1. 
he capacity of the generator used to 
ply the load increased from 50 amperes 
1933 to 120 amperes in 1946. How- 
, even this striking increase in output 
S not indicate the relative capacities 
he two generators since the 120-ampere 
t began supplying current to the load 
550 rpm, while the 50-ampere unit 
ired a speed of 900 rpm to produce 
output. The speed at which the 
erator begins to supply current to the 
em became more important with the 
ption of the hydraulic transmission, 
as mutch as the normal pattern of 
ration in large cities is to operate the 
ine at full throttle for a period meas- 
d in seconds, then coast to the next 
J. 

Jntil this year, the standard generating 
em for most large city coaches con- 
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sisted of a 120-ampere d-c generator and 
double voltage and current regulators of 
the vibrating contact type. The genera- 
tor was gear driven at a 1.94 ratio and 
produced 80 amperes at engine idle speed. 
The field circuit was split into halves 
with each half regulated by a separate 
voltage and current regulator, so that 
twice the normal field strength could be 
used without exceeding the maximum cur- 
rent rating of the regulator contacts. 
Several things happened that deter- 
mined that the d-c generator system was 
headed for obsolescence on large city 
coaches. In addition to the rising load 
trend curve heading toward a point where 
the electric capacity and speed range of 
the largest conventional d-c generators 
would be inadequate, the diesel engines 
were being improved to the extent that 
engine overhauls were made less and less 
frequently. No longer would the genera- 
tor and regulator operate satisfactorily 
without maintenance over the lengthened 
engine overhaul periods. In fact, the 
increased electric loads and the high en- 
gine compartment temperatures, which 
resulted from increased engine loads, 
contributed to the reduction in life of the 
brushes, oil seals, bearings, and other com- 
ponents from that which previously had 
been obtained. Alternating-current gen- 
erators with selenium rectifiers had been 
applied on some coaches with higher than 
normalelectric loads. However, although 
these generators would solve the electric 
capacity problem for several years, the 
existing units had the same mechanical 
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Fig. 1. Load-trend 
curve of motor 1920 1930 
coaches 
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construction deficiencies as the d-c gen- 
erator and, in addition, required the use 
of a large, expensive, and vulnerable 
selenium rectifier. 


Design Objectives 


About 1955, the engineers at General 
Motors Truck and Coach Division began 
setting down specifications for the type of 
generating system which would be needed 
in the future. Because this generating 
system was expected to be one which 
would supply the needs of the coach 
operators for a number of years with- 
out any major revisions, the require- 
ments set down were not met by any 
generating system in existence. A 
goal of 1 million miles of maintenance- 
free operation was set up to corre- 
spond to the expected life of the engine. 
The minimum generator capacity was 
set at 200 amperes, with 125 amperes 
output available at engine idle speed with 
provision to increase this output in the 
future with only minor revisions in the 
generator. The generator was to be of 
the a-c type with built-in silicon rectifiers 
and, in order to obtain the long life opera- 
tion desired, would have to be brushless 
and have permanently lubricated bear- 
ings. To prevent failures caused by the 
entry of dirt, detergents, and other for- 
eign matter into the generator or failures 
caused by lack of proper maintenance on 
air filters designed to prevent such dam- 
age, the generator was required to be 
environment free. The regulator was 
required to be of a completely static de- 
sign to eliminate all wearing parts and 
was to have the ability to retain its volt- 
age setting unchanged over a period of 
years. 

In order that maximum perform- 
ance could be obtained from a given size 
generator, the regulator was also required 
to supply much higher field power than 
had previously been thought practical. 


Fig. 2. Transistor regulator and oil-cooled generator 


Generator Design 


The generator and regulator designed 
to meet the objectives specified is shown 
in Fig. 2, and a cutaway view of the 
generator is shown in Fig. 3. Basically, 
the machine is a 3-phase alternator with 
a 12-pole Lundell-type rotor. To obtain 
the brushless feature, however, several 
modifications have been made in the nor- 
mal Lundell rotor construction. Two 
bearings are used on the drive end so that 
the entire rotor is supported from that 
end in an overhung fashion. A non- 
magnetic ring has been added between the 
six poles of the drive-end rotor segment 
and the six poles of the outboard rotor 
segment, so that the outboard segment is 
supported mechanically from the drive- 
end segment although the two are still 
isolated magnetically. An interior air gap 
has been added to separate the field coil 
and core assembly from the rotor poles, 
and the field coil and core assembly is 
supported from the end frame opposite 
the drive end, 

In this manner, a rotating field machine 
is made in which both the field winding 
and the output winding are stationary 
so that no brushes are required. There 
are several advantages of this type of 
design as compared with other types of 
brushless generators that are known. A 
permanent magnet generator could be 
used for an application such as this, but 
it is difficult to regulate the output volt- 
age accurately without a considerable 
amount of bulky and expensive extra 
equipment. Also the field strength of 
such a generator is limited as compared 
with that obtainable in an excited field 
machine. An inductor alternator would 
be another possibility, but this type of 
machine has an inherent 2-to-1 penalty 
in size and weight because the flux is 
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pulsated from a maximum to a minimum 
value instead of being alternated between 
positive maximum and negative maxti- 
mum values. A rotating rectifier type 
of machine could also be used but, in the 
size of generator considered here, an ex- 
citer is not needed to amplify the excita- 
tion power available from the regulator 
to a level sufficient to excite the main 
field. Consequently, the exciter becomes 
merely added weight, space, and expense 
which serves no purpose other than to 
transfer the excitation power from the 
stationary member to the rotating 
member. 

An additional advantage of the double 
air-gap Lundell construction as compared 
to the normal Lundell construction arises 
from the separation of the rotating mem- 
ber from the field coil and core assembly. 
This reduces the moment of inertia of 
the rotor from 125 pound-inches? for a 
comparable size generator of standard 
Lundell construction to 96 pound-inches.? 
This reduction in inertia is important 
since the generator-to-engine gear ratio 
is limited to a value which will not cause 
shaft and gear damage from the torsional 
vibrations of the diesel engine. Because 
of this reduction in inertia, it was possible 
to raise the gear ratio from 1.94 to 2.29. 
It would have been possible to raise the 
ratio even further had not the gear ceniter 
distances available imposed a further 
restriction. 


RECTIFIER CONSTRUCTION 


The 3-phase full-wave bridge rectifier 
is made up of three silicon diodes mounted 
in the end frame and three silicon diodes 
mounted in small aluminum heat sinks, 
which are themselves supported from, 
and electrically common with, the three 
terminals of the stator winding which 
extend through the end frame. The 
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Fig. 3. Cutaway view of the oil-cooled generator 


fan-cooled construction but it was fo 
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aluminum heat sinks also act as june’ 
blocks for connecting the leads of f 
three end-frame-mounted diodes to tt 
stator terminals. All six of the diod| 
are of the same polarity in this @ 
struction. 


Om CooLiInG SYSTEM 


Several attempts were made to m 
the generator environment free by 
ing totally enclosed or- totally enck 4 
that at the ambient temperatures Pa 
vailing in the engine compartment, sui 
a machine became too large and ql 
heavy for consideration. Water coolil 
was also considered, but this invoh 
the use of tubes and passages to condi 
the water to and from the heat sotte 
in the generator and was thought ~ 
too expensive and too vulnerable to 
to be considered. The only other co 
medium available on the engine wa 
engine oil. Since the oil is not 
trically conductive, it can be throq 
directly on the windings without fea 
causing electrical failure, and it has 
added advantage of furnishing a 
manent lubrication supply for the 
ings. For these reasons, oil cooling 
adopted for this generator. — ; 

The rectifier cover casting has pro 
to receive a fitting from an oil line 
is connected to the engine oil ga 
There is a small orifice drilled in # 
casting which restricts the flow of oi 
approximately one gallon per minute 
the 40 pounds per square inch regula 
oil pressure which is available when 
engine is operating in its normal | 
range. The orifice also acts to prodite 
high velocity jet of oil down one side) 
the rectifier chamber, which keeps the 
in the chamber in motion and prevey 
large temperature differences around | 
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Idle Speed 
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les. With the diodes entirely sub- 
ged in oil, excellent heat transfer 
ptained so that large heat sinks are 
ecessary. The oil fills the rectifier 
mber to the level of the oil outlet. 
hen flows through the oil outlet and 
ugh the hole in the center of the field 

At the end of the field core the 
s discharged against the inner sur- 
of the rotor and is carried outward by 
Hfugal force to the inner air gap, 
ugh which it flows toward the rec- 
end of the machine. Some of the 
escapes through slots between the 
magnetic ring and the drive-end 
© segment and follows the underside 
he poles outward until it is thrown 
he poles onto the inside of the stator 
ding at the drive end. The rest of 
oil continues toward the rectifier end 
he machine until some of it escapes 
ugh the slots between the nonmag- 
ting and the outboard rotor seg- 
The remainder continues through 
gap to the end of the rotor where it 
hrown on the inside of the stator 
ling at the rectifierend. Thus, the oil 
s the stator winding by direct con- 
with the end windings and cools 
field winding by conduction of heat 
igh the core assembly and by direct 
act with the field winding at the 
ait gap. It then drains to the bot- 
of the stator assembly and, in the 
of the oil at the rectifier end, flows 
gh a notch between the stator 
mations and the stator frame and 
down the chute in the drive-end 
to the flywheel housing of the 
me. The oil level in the generator 
uins below the height of the air gap 


stator. 

he oil is taken from the engine after 
1s passed through the full-flow filter 
he oil cooler in order that the cleanest 


[BER 1959 


HOT PERFORMANCE CURVES 
NEW AND OLD COACH GENERATORS 
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Oil Cooled A.C. Generator 105 Lbs. 


Split Field D.C. Generator 136 Lbs. 


Fig. 4. Comparison of generator output curves 
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and the coolest oil in the system will be 
used in the generator. Even under these 
conditions, however, the oil can at times 
reach an inlet temperature of 240 F 
(degrees Farenheit), although the most 
normal operating range is around 200 F. 
The temperature of the oil increases about 
50 F in passing through the generator 
under full load conditions at high speed. 
One of the major problems to be solved 
in the development of the oil cooling 
system was the selection of insulation 
which would withstand the high tem- 
perature oil bath. The insulation system 
being used consists of an epoxy coating 
on the magnet wire with glass tape on 
the field coil and isocyanate-impregnated 
glass slot insulation in the stator. All 
assemblies receive two coats of an oil 
modified phenolic varnish which was 
selected after extensive testing of all 
available varnishes in a 300 F bath of 
used engine oil. The components used in 
the insulation system all have succes- 
fully withstood more than 12,000 hours 
in this bath. No difficulty has been ex- 
perienced in operating units from in- 
sulation failures due to deterioration of 
the insulation. 

When the oil cooling system was first 
proposed, it was thought that the genera- 
tor would act as a centrifugal and magnetic 
oil filter and would soon be rendered in- 
operative by an accommodation of 
sludge. These fears have proved ground- 
less, even when the experimental gen- 
erators were operated on old engines with 
bypass oil filters that permitted quite 
dirty oil to flow through the generator. 
The heads of the bolts which extend into 
the rectifier chamber from the field core 
are highly magnetized and attract any 
iron particles which come through the 
oil system. The only particles discovered 
on the bolt heads have been particles 
of approximately 1 micron in diameter 
which pass freely through the oil filter. 
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Fig. 5. Engine operating speed characteristic 


Particles of this small size should not 
cause damage even if they pass completely 
through the generator. 


PERFORMANCE 


A comparison between the performance 
of the new a-c generator system and the 
d-c generator system which it replaced 
is shown in Fig. 4. This illustrates the 
increase in output of approximately 
75% throughout the speed range and the 
23% reduction in weight which was ob- 
tained. Part of this increase in per- 
formance, of course, is the result of the 
18% increase in gear ratio on the new 
system. 

The importance of obtaining high 
generator output at engine idle speed 
becomes apparent if the curve of engine 
operating speed versus percentage of 
time shown in Fig. 5 is examined. This 
particular engine speed curve was taken 
on a coach operating in downtown 
Indianapolis, Ind., during a normal after- 
noon rush hour, but it is representative 
of the conditions encountered in most 
medium size cities. Surveys were made 
of the operating conditions in metro- 
politan New York City and New Orleans, 
La., during the rush hour a few years 
ago which indicated that the engine 
operated at idle speed as much as 70% 
of the time. 

The engine operating speed character- 
istic can be combined with the generator 
performance curve, the generator drive 
tatio, and the battery characteristics to 
determine the amount of load which can 
be carried by the equipment in question 
on that particular driving schedule with- 
out producing a net charge or discharge 
of the battery. This value of system 
load is referred to as the “‘city load-carry- 
ing capacity” (CLCC). In determining 
the CLCC, an assumption must be made 
as to the state of charge and the tem- 
perature of the battery since this de- 
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Table I. City Load-Carrying Capacity of Transit Coach Generators with Two 205-Ampere-Hour 
Batteries on Indianapolis Schedule 


Battery 
Voltage 
Gear Regulator Per-Cent 
Generator Ratio Setting Temperature, F Charge CLCC 
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Oil Cooled........ Ps OS GG tec crel atotafet VAs Ol eiahe set stefarereiela tela A100. ic aie ee ews ue SOs e aaica ic eis 142.9 


termines the rate at which the battery 
will accept a charge. The battery tem- 
perature also determines the efficiency 
of the battery in ampere-hours of output 
as compared to the ampere-hours of 
input. The CLCC rating of a generator 
gives a much more accurate measure of 
its load carrying ability under variable- 
speed driving conditions than does the 
maximum output rating. A comparison 
of the CLCC rating of the two coach 
generator systems with various battery 
conditions is given in Table I. The 
split-field generator calculations were 
made on the basis of a 14.5-volt regulator 
setting because that is a normal setting. 
The oil-cooled generator calculations are 
based upon a 14.0-volt setting because 
the battery can be kept charged with 
the lower setting when the higher capac- 
ity generator is used. The lower system 
voltage lengthens the life of lights and 
other electric equipment and reduces 
battery maintenance. 


Regulator Design 


The only regulating unit that is nec- 
essary with this oil-cooled generator is a 
voltage regulator. No current regulator 
is required since the generator is in- 
herently current limited and no cutout 
relay is required since the silicon diodes 
effectively block any reverse current. 
The elimination of these two components 
from the regulator eliminates the need 
for heavy leads and large terminals to 
handle the output current and con- 
sequently reduces the size and weight of 
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the regulator greatly. A comparison of 
the size and complexity of the transistor 
regulator used with the oil- cooled gen- 
erator and the split field regulator used 
with the d-c generator and the carbon- 
pile regulator used with the older style 
a-c generators is shown in Fig. 6. The 
comparison in size is even more striking 
when it is considered that the transistor 
regulator will handle two to three times 
as much field power and give much closer 
voltage regulation. 


CiRcuIT 


The circuit of the transistor regulator 
is shown in Fig. 7 and the physical ar- 
rangement of the components on the 


printed circuit board is shown in Fig. — 


8. The voltage divider network at the 
left side merely provides a means of 
adjusting the regulator voltage setting 
and of compensating for variations in the 
Zener voltage of the voltage reference 
diode. When the system voltage is higher 
than the regulator setting, the voltage 
reference diode will pass current, and 
this current flows in the emitter-base 
circuit of the driver transistor, turning 
it ‘on.’ In the ‘“‘on’”’ condition, the 
emitter-collector circuit of the driver 
transistor is essentially a short circuit 
which is connected across the emitter- 
base circuit of the two output transistors. 
This effectively short-circuits any base 
current which would tend to flow in 
the output transistors and turns them 
“off.”’ Since the output transistors are 
in series with the generator field winding, 
no field current can flow. With the field 


Fig. 6. 
used on 
coaches 


Regulators 
motor 


A—Transistor voltage 
regulator 
B—Split field voltage 
and current regulator 
with cutout relay 
C—Carbon pile volt- 

age =oregulator with 
(© cutout relay 
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current turned off, the system vi 
will fall until it reaches a value at 
the voltage reference diode will no lo; 
conduct current. Under those conditi 
the diode blocks any current fi 
the emitter-base circuit of the 
transistor and turns it off, thus it rem 
the short circuit from the emitte 
circuit of the output transistors. 
rent will then flow through the e1 
base circuit of the output transisto: 
will turn them on so that field a 
can flow. 

There are a few circuit refine 
which aid the basic operation 
regulator as previously descri 
silicon diode is connected betwee 
positive line and the emitters of 
put transistors so that field curren 
through it in the forward direction. 
is referred to as the back-bias di 
A high-resistance back-bias bleed 
is connected from the negative § 
the diode to the negative line. 
pose of this combination is to p 
excessive leakage through the | 
transistors when they are in the 
condition. The driver transistor 
perfect short circuit in the “on” — 
dition and would tend to allow as 
amount of base current to flow ini 
output transistors, which would i 
allow a high leakage current t 
through the field. The drop 2 
driver transistor is ea 
volt in magnitude. By bleeding a sj 
amount of current through the bai 
diode to develop its threshold vol 
approximately 0.5 volt, the volt 
lationship at the output transis 
established with the bases being § 
more positive than the emitters. 
biases the emitter junctions in the re@ 
direction and prevents any base cit 
from flowing, thereby reducing J 
age current to a very low value 
nonlinear forward characteristic 
back-bias diode is used in place 
linear characteristic of a resistor t 
dissipating a large amount of p 
the regulator and reducing the 
available for excitation of the field 

The feedback resistor is a lo 
resistor which will have a voltage 
of approximately 0.1 volt across itf 
full field current is flowing. Itsi 
is to cause the switching action ¢ 
regulator to occur very rapidly so thi 
output transistors are either in t 
on” or “full off” condition. It 
plishes this by subtracting a st 
crement of voltage from the 
reference diode when the field 
is turned on and adding a sf 
crement of voltage to the volt 
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7. Schematic circuit diagram of the transistor voltage regulator 


nce diode when the field current is 
hed off. This mode of operation is 
ary so that the output transistors 
go rapidly through the “partially 
condition, which is the condition of 
kimum heat dissipation. If the transis- 
were to operate by modulating the 
l current rather than by switching it, 
er the heat sinks provided would have 
pe of an excessively large size or the 
‘ent rating of the unit would have to be 
ced drastically. The feedback ca- 
tor aids in securing this sharp switch- 
action by transferring a voltage 
se from the output circuit back to the 
age sensing circuit. 
He field-discharge diode is connected 
hat it is in parallel with the generator 
l coil. When the generator field is 
hed off suddenly, a high voltage will 
induced in the field winding if no 
a is provided to dissipate the energy 
ed in the magnetic field. This high 
age would puncture the output 
sistors. The field discharge diode 
ides a low impedance path through 
h the field current can circulate to 
harge the stored energy but does not 
ipate any power when the field cur- 
is on since its leakage current is 
e small. The time constant of the 
winding with this low external 
stance in series is high enough that 
tegulator does not switch in an ex- 
aely rapid manner as would be the 
if a discharge resistor were used. 
e the absence of light flicker in the 
h is obtained with this regulator by 
very small value of voltage excursion 
er than by a high rate of switching, 
‘ ‘low switching rate is desirable to 
i" transistor heating. 
filter capacitor in the voltage- 
ag network has the function of 
a the ripple which appears at the 
age reference diode. The action of 
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the regulator is so fast that it would be 
actuated by each ripple peak on the volt- 
age and would regulate at the peak value 
of the ripple instead of at the average 
value. This is not desirable since the 
magnitude of the ripple changes with 
load and frequency so that controlling 
the ripple peaks would result in variations 
of the average voltage of the system. 
In automotive application, there is 
nearly always a battery on the system 
which acts as an excellent ripple filter, and 
thus, aids this filter capacitor in per- 
forming its function. 

The switching action of the regulator 
is illustrated by the oscillograms of field 
voltage, field current, and terminal 
voltage in Fig. 9. It is readily apparent 
how the relative time duration of the 
“on” and “off” periods varies with the 
load on the system. Because of this 
action, the regulator is referred to as 
being of the pulse time controlled type. 
The temperature characteristics of the 
voltage reference diode and of the driver 
transistor are approximately equal and 
opposite so that the regulated voltage 
does not vary appreciably with changes 
in ambient temperature. This is a de- 
sirable characteristic for a coach regula- 
tor. Because the regulator is mounted at 
a considerable distance from the battery, 


LIGHT LOAD 


Fig. 9. Oscillograms 
of field voltage Vs‘, 
field current It, and 
terminal voltage Vi 
of oil-cooled gen- 
erator with transistor 
regulator in opera- 
tion 
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Fig. 8. View of both sides of the printed circuit board assembly 
from the transistor voltage regulator 


its temperature does not reflect battery 
temperature, for which many automotive 
regulators are compensated. 

The ripple which appears on the field 
voltage and terminal voltage waves is 
60 cycles, picked up by the oscillograph. 
When this ripple is eliminated, the ter- 
minal voltage excursions during switch- 
ing are found to be about+0.1 volt and 
the variation in the average voltage with 
changes in load and generator speed 
does not exceed 0.4 volt over a tem- 
perature range of —20 F to +160 F. 
This represents much better voltage regu- 
lation than has been available on any 
automotive-type equipment in the past. 


Coach Circuit 


The generator and regulator described 
are markedly different from those which 
have been used in the past and con- 
sequently the application of these units 
to the coach brings up some problems 
that have not existed previously. 

A d-c generator and a cutout relay are 
normally applied with the shunt field 
connected to the generator side of the 
cutout relay. When the engine is started, 
the generator builds up enough voltage 
to close the cutout relay and begins to 
supply current to the system. When the 
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engine is stopped, current from the 
battery will flow in a reverse direction 
through the cutout relay to drive the 
generator as a motor. This reverse cur- 
rent is used to open the relay and dis- 
connect the generator from the system. 
With the a-c generator and the silicon 
rectifier, however, a cutout relay is not 
used. Since the field must be connected 
on the d-c side of the rectifier, there is 
nothing to prevent the battery from 
furnishing field current even when the 
engine is not in operation. In order to 
prevent discharge of the batteries by this 
field current, a field relay must be pro- 
vided which disconnects the field from 
the battery when the engine is shut down. 
This relay is normally actuated from the 
ignition switch of a gasoline engine or 
from the “run’’ switch of the diesel 
engine. 

The voltage appearing across the 
cutout relay contacts is frequently used 
to operate various interlock circuits on 
the coach, in as much as no voltage can 
appear at that point when the engine is 


operating and the generating system is 
normal because the contacts will be 
closed. In order that interlock circuits 
can be actuated, one a-c terminal is 
brought out of the oil-cooled generator 
and a relay coil is connected between 
this terminal and ground. Thus, the 
relay coil is connected across one of the 
silicon diodes so that the pulsating re- 
verse voltage appearing across the diode 
actuates the relay coil when the generator 
is in operation. When the engine is not 
in operation, the diodes in the opposite 
arm of the bridge block the battery volt- 
age so that the relay coil is not energized. 
This relay in turn operates the inter- 
lock circuits through normally open or 
normally closed contacts as desired. 
This connection was tried previously 
with selenium rectifiers and was unsuc- 
cessful because the high leakage of the 
selenium cells would sometimes allow 
the relay to remain actuated even though 
the engine was shut down, but the very 
low leakage of the silicon cells makes 
this system practical. 


Conclusions 


The electric system described has beer 
developed primarily for operation 
motor coaches, but there are many ott 
types of heavy-duty applications wher 
high electric output and long life wit 
out maintenance are required. It 
felt that this environment free generato 
and regulator combination will find ap 
plication on marine engines, pow 
shovels, and military equipment. T 
advantage of a generator having 7 
wearing parts other than the continuous) 
lubricated ball bearings and the adva 
tage of a regulator which has no movini 
parts to wear out or change adjustme 
have been recognized by all operatin 
personnel having contact with this 
tem. Its reception has been gratifying, 

Experimental units have been on tes} 
since December 1956 and limited Orc 
duction has been under way since B 
ruary 1958. The results of these ope 
ing units indicate that this approach i 
basically sound. 


Multiple-Unit Operation of Diesel and 


Electric Locomotives on the 


Milwaukee Road 
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FELLOW AIEE 


HE USE of a diesel-electric locomotive 

booster unit in conjunction with one or 
more straight electric locomotive units 
was conceived to meet specific require- 
ments of heavy freight train operation on 
the electrified Rocky Mountain Division 
of the Milwaukee Road; see track profile, 
Fig. 1. 


Nature of the Problem 


Prior to the use of the diesel booster, 
fast-time freight trains were handled on 
the Rocky Mountain Division by road 
locomotives, comprised of two units of 
the EF-4 class, which are modern 3,300- 
volt d-c locomotives with continuous unit 
rating of 5,110 horsepower, 78,300 lb 
(pounds) tractive effort, and speed of 
25.2 mph (miles per hour). Due to 
speed-tractive effort characteristics of the 
original electric freight units, they are not 


316 


suitable for this service and, even if they 
were suitable, they could not be operated 
with more than four units in multiple 
and could not be operated in conjunc- 


tion with the modern EF-4 units due to — 


the differences in control system and 
speed characteristics. 

The problem under discussion is that of 
synchronizing the operation of one or 
more diesel-electric units equipped with 
multiple-unit engine-load-regulator type 
of control with one or more 3,300-volt 
d-c electric locomotives equipped with 
type P multiple-unit control, and to have 
all coupled units respond to the move- 
ment of a main controller in the operating 
cab of an electric unit. 

Six years prior to the use of the diesel 
booster, eastward freight trains with 
5,800 tons trailing were handled from 
Avery, Idaho, to Deer Lodge, Mont., a 
distance of 211 miles, by road locomotives 
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consisting of two EF-4 units coupled a| 


and still is, used on the 1.7% grade be 
tween Avery, Idaho, and Haugan, Mont 
a distance of 38 miles, and over the Cont! 
nental Divide between Butte Yard ar 


distance of 36 miles. Prior to the use 
the diesel booster unit, it was necess 
to reduce a train of 5,800 tons to a trait 
4,800 tons at Deer Lodge in order 
eliminate the use of a helper locomotiy 
on the long 1.0% grade between Lomb 
and Loweth, a distance of 48 miles. 
use of the diesel booster eliminated neces 
sity for train reduction at Deer Lodge a1 
improved the running time, even witi 
5,800 tons, between Deer Lodge anit} 
Harlowton. ai 
Due to the demand for increased spee 
of westward time freight trains ¥ 
3,600 tons trailing, it was necessary to 
crease the tractive effort and horsepo 
of the road locomotives used on tt 
trains to such an extent that a speed ¢ 
Paper 59-492, recommended by the AIEFE L " 
Transportation Committee and approved by tli 
AIEE Technical Operations Department & 
presentation at the AIEE-ASME Railroad Co: 
ference, Chicago, Ill., April 7-9, 1959, and 
presented at the Summer and Pacific C 
Meeting and Air Transportation Conf C 
Seattle, Wash., June 21-26, 1959. Manuseri 


submitted December 15, 1958; made availabl 
printing January 30, 1959. 


LAURENCE WYLIE is a Consulting Elect 
Engineer, Seattle, Wash. 
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ROCKY MOUNTAIN DIVISION - ELECTRIC -441 MILES 


proximately 25 mph could be made 
ile ascending the 2.0% grade between 
bdmont and Donald, a distance of 21 
es, without the use of a helper loco- 
tive, and with consequent increase in 
in speed at other locations where track 
ndition and curvature would permit. 
As the principal advantage of the use of 
> diesel booster occurs between Deer 
idge and Harlowton, with either east- 
td or westward trains, the booster unit 
occasionally operated only between 
ese two points. 


uipment for Control of 
Booster Unit 


The control of the diesel booster unit is 
omplished in the following manner: 


A standard 27-wire control cable is 
alled in each unit of the electric loco- 
tive and control circuit completed be- 
een the two electric units and the diesel 
tt by means of standard diesel receptacles 
H jumper cables. 


A miniature diesel controller (hereafter 

ed to as the diesel synchronizing, or 

} controller) is mounted on the forward 
le of each main controller in the operating, 
uncoupled, ends of the electric units. 
ese miniature controllers are connected 
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MILES FROM HARLOWTON 


Fig. 1. Profile of Rocky Mountain Division 


by a rack and pinion to the main controller 
handle of the electric units in such manner 
that movement of the electric controller 
handle will rotate the drum of the DS 
controller in proper sequence. 


3. Microswitches, to control the operation 
of the reverser on the diesel unit, are 
mounted inside the case of the main con- 
troller on the electric locomotive. 


4, A miniature diesel meter and switch 
panel is installed at the right side of the 
electric locomotive meter panel. This 
diesel panel contains the following equip- 
ment: 

Ammeter, indicating diesel traction motor 
current. 


Switches for control of equipment in diesel 
unit as follows: 


Control and fuel pump 
Engine run and controller 
Generator field 

Headlight 

Sanders 

Engine stop button 
Alarm bell 

Wheel slip light 


DS Controller Mounting and 
Mechanical Connection to Main 
Electric Controller 


The DS controller is mounted on a 
heavy sheet iron bracket which is secured 


\ es © 
rea 
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firmly to the main electric controller case 
by heavy cap screws at the forward end of 
the controller braking segment; see Fig 
2. A composite view of the main electric 
controller, diesel controller, and meter 
panels, is shown in Fig. 3. 

Rotation for positioning of the DS con- 
troller cam shaft is accomplished by 
means of a gear rack connected to the 
main electric controller handle by means 
of a heavy ‘‘Z”’ bar bolted to the controller 
handle and a roller bearing rod end on the 
rack bar. This rack bar is held in mesh 
with the small gear on the diesel contrcller 
by a spring-mounted roller bearing on top 
of the diesel controller case. The back of 
the rack bar is milled to a predetermined 
profile which is governed by movement of 
the electric controller handle and eccen- 
tric mounting of the gear on the DS con- 
troller. The eccentric mounting of the 
gear and the irregular movement of the 
rack bar combine to rotate the shaft of the 
diesel controller through 222 degrees with 
a corresponding movement of only 42 
degrees of the electric controller handle 
while moving from OFF to the 16th 
notch, or series parallel position, and 
through only 108 degrees while the elec- 
tric controller is moved from the 16th 


MAIN ELECTRIC CONTROLLER 


/\, ___|_DIESEL SYNCHRONIZING 
' CONTROLLER 


FRONT VIEW 


Fig. 2. Main electric and DS controllers 
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Fig. 3. Meter and cam shaft are mounted a small spur toe 
switch panel of main gear, which is mounted off-center, a 
and diesel controller = eayy Dilecto fiber handle for mat 
operation of the switch in case of necessi 
or emergency. This handle is fas 
securely to the cam shaft and is fitted 
a manual control locking pin, by mea 
which the spur gear can be locked to 
manual handle and shaft for automa 
operation of the DS controller by mo 
ment of the handle of the electric lo 
motive controller handle. 
The bottom of the DS controller ¢ 
is fitted with a 6-point receptacle 
ease in connecting and disconnecting 
6-wire cable containing the diesel gi 
nor control wires. 


Electrical Characteristics of Diesel 


Control Circuits and DS 
notch to the 37th notch, or an additional taining a roller-bearing-mounted shaft on Controller 
45 degrees, to the full parallel position. | which is mounted six Dilecto fiber disks 
1/4 inch thick and 31/, inches in diameter. A schematic diagram of the d 4i 
Description of DS Controller Five of these disks are cam-cut to control synchronizing control circuits is shoy 


the operation of microswitches mounted in Fig. 5. Control current for operatic 

A front and side view drawing of the on a removable rack, and the sixth disk _ of the diesel unit is supplied by the be 
DS controller, with cover removed, is serves as a stop and positioning device to _ tery on the diesel unit. The microswit 
shown in Fig. 4. The controller consists prevent undesired rotation of the cam in the circuit controlling the diesel 
of a welded-sheet-metal box 6 inches wide, _ shaft. erator field contactor must rupture 4 
5 inches deep, and 8 inches high, con- On the protruding upper end of the current of 0.80 ampere and, for #t 
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FRONT VIEW SIDE VIEW 
Fig. 4. Drawing of DS controller illustrating the various parts as given below, with the number of each required 


1—Manual control knob (1) 


9—Spur gear (1) 6—Cam shaft (1) 
3—Microswitch (5) 7—Amphenol socket (1) 
4—Nut and washer for cam adjustment (12) 8—Bearing (1). 
5—Linen base Dilecto cam 1/4x31/2 O. D. (6). 9—Cam sheft bearing (2) 
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Fig. 5. Schematic diagram of DS control circuits 


ason, this switch is provided with a 
agnetic blowout. The other four 
icroswitches each carry a current of 
ly 0.10 ampere and so do not require 
agnetic blowout protection. All micro- 
fitches have roller bearings on the oper- 
ing lever. The outer ends of the operat- 
g levers require a movement of less 
an 1/8 inch, and the cams are cut ac- 
rdingly to a depth of 1/8 inch. 

The DS controller is designed to super- 
de the functions of the controller in 
e diesel unit when the diesel unit is 
ing used as a booster with one or more 
ectric units. The load on the diesel 
lit is regulated by energizing a single 
il, or various combinations of coils, in 
e load governor on the diesel unit. In 
der to avoid overloading the traction 
otors and wheel slipping on the diesel 
nit, the Run 8 throttle position is not 
ached until the electric controller 
ndie has been advanced to the 18th 
btch, or just beyond the series parallel 
bsition, and corresponding to a speed 
approximately 15 mph, or well above 
l€ point where wheel slipping might 
brmally occur on the diesel unit. The 
esel unit then continues to operate in 
in 8 throttle position at all speeds above 
5 mph, or until the diesel unit is cut out, 
anged to manual control, or the elec- 
¢ controller handle is retarded below 
e 18th notch. 

In starting a heavy train on a grade, or 
r other reasons, the DS controller can 
b disconnected mechanically from the 
ectric controller and set manually in 
1y desired position and will remain in 
lat position regardless of the movement 
‘ the electric controller handle. The 
erating mechanism of the DS controller 


+: 
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can manually be locked to the electric 
controller mechanism at the will of the 
operator, and can only be so locked in 
the proper position. 


Regeneration and Dynamic 
Braking 


Extra wires are provided in the 27- 
wire control cable to provide for control 
of dynamic braking on the diesel unit if 
this should be necessary or advisable. 
At the present time, dynamic braking 
is not used on the diesel booster unit as 
the electric road and helper locomotives 
have sufficient capacity to handle the 
train while descending the heavy moun- 
tain grades and, in this way, secure credit 
for the electric energy which is returned 
to the power supply system or absorbed 
by trains in the vicinity which are using 
power. 


300,000 


Fig. 6. Speed-tractive effort 
characteristics of diesel and 
electric units 


4—One EMD 1,750-horse- 
power diesel unit 

2—Two EF-4 ‘electric units 

3—One diesel unit and two i) 
EF-4 electric units 
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Preparation and Operation of 
Multiple-Unit Diesel and 
Electric Locomotive 


The diesel locomotive should be coupled 
to the back end of a type EF-4 electric 
locomotive after which the procedure 
should be as follows: 


AIR 


Couple brake pipe and signal line hoses 
and open hose cocks. Couple equalizing 
pipe hose on diesel to independent ap- 
plication pipe hose on electric locomotive 
and open hose cocks. Do not couple main 
reservoir equalizing pipe hose or sanding 
pipe hose. Condition brake equipment 
on diesel for “‘trailing’’ movement. 


CONTROL JUMPERS 


Install diesel-type control jumper be- 
tween diesel and electric locomotive, and 
also between electric locomotives if two 
electric locomotives are used. 


CONTROL TRANSFER 


Proceed as follows: 


In electric locomotive operating cab, 
on diesel control panel in cowl in front of 
of engineer, close the following switches: 


1. Control and fuel pump. 
2. Engine run. 


In diesel locomotive operating cab, 
on engineer’s panel, open all switches 
except automatic sander. In diesel con- 
trol cabinet, all switches must be in ON 
position and isolation switch in RUN. 
Headlight controller switch, located below 
window in front of engineer, must be 
placed in 9 o’clock position, marked 
“Controlled from another unit coupled 
at either end.” Control of diesel loco- 
motive is now transferred to operating 
cab of electric locomotive. 


TRACTIVE EFFORT - POUNDS 
a 
[e) 
[eo] 
3 
i eaee 
fe 


SPEED- MILES PER HOUR 


CUTTING IN DIESEL LOCOMOTIVE 


Close engine run and generator field 
switches, located in diesel control panel 
in cowl in front of engineer in electric 
locomotive operating cab. Diesel loco- 
motive will then follow the operation of 
the electric locomotive controller and 
provide tractive effort according to 
position of the controller. 


CUTTING OUT DIESEL LOCOMOTIVE 


Open engine run and generator field 
switches, located in diesel control panel 
in cowl in front of engineer in electric 
locomotive operating cab. 


NORMAL OPERATION: MOTORING 


Throw the reverser on EF-4 controller 
for desired direction of movement and 
then advance the controller handle in 
the usual manner, allowing sufficient 
time for slack action in the train and for 
throttle governor control in the diesel 
unit. The diesel throttle controller will 
follow the movement of the EF-4 con- 
troller so that the diesel locomotive will 
be in no. 8 throttle, or full run position, 
when the #F-4 controller is partially out. 
During further advance of the EF-4 con- 
troller, the diesel locomotive continues 
in no. 8 throttle position. Any running 
position on the EF-4 controller is a run- 
ning position on the diesel locomotive. 

If the diesel locomotive begins slipping 
for any reason, it will automatically sand 
and ultimately unload itself. Before this 
condition develops, action should be 
taken to correct by partially unloading 
the diesel locomotive. 


REGENERATION 


Before commencing regeneration, the 
EF-4 controller handle must be moved to 
the OFF position and engine run and gen- 
erator field switches on diesel panel in the 


Discussion 


W. S. H. Hamilton (New York Central 
Railroad (retired); now Larchmont, N. Y.): 
I read Mr. Wylie’s paper with a great deal 
of interest, especially in view of our long 
association. It shows great ingenuity in 
solving a difficult if somewhat special 
problem and Mr. Wylie is to be highly com- 
mended for the solution at which he arrived. 
It can well be used as a guide in solving 
other special problems that arise which are 
not provided for by the standardized loco- 
motives of today. 

In view of the problems which were over- 
come, it would not surprise me if Mr. Wylie 
in the near future came up with an arrange- 
ment for operating locomotives in two 
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EF-4 cab must be thrown to the OFF 
position and left in that position until 
regeneration is discontinued. 


GENERAL 


The diesel booster should only be cut 
in when there is actual need for additional 
tractive effort to handle a train on an 
ascending grade. 

When an electric locomotive is used 
without a diesel booster, the locking pin 
in top of diesel throttle controller should 
be raised. 


Effect of High Tractive Effort on 
Draft Gear 


Approximate tractive  effort-speed 
curves for one diesel unit, two EF-4 elec- 
tric units, and for three units combined, 
are shown in Fig. 6. Starting tractive 
effort at 25% coefficient of adhesion for 
the three units is 277,000 pounds. At 
25 mph, the combined output at the rail 
is 11,500 horsepower. 

Mechanical characteristics of couplers 
applied to locomotives and freight cars 
are as follows: 


1. Older type E couplers with E 50 
knuckles, grade B steel normalized average 
225,000 Ib: 

Yield point, 560,000 Ib. 

Ultimate strength, 600,000 lb. 

Safe load, 200,000 lb. 


2. New type £E couplers with E 50 
knuckles, normalized and tempered: 
Yield point, 300,000 Ib. 
Ultimate strength, 535,000 to 630,000 Ib. 
Safe load, 250,000 Ib. 


8. Type £ couplers for diesel or electric 
locomotives with type E quenched and 
tempered high-tensile-strength knuckles: 
Yield point, 700,000 to 759,000 Ib. 
Safe load, 350,000 Ib. 


The use of the two EF-4 units with the 
diesel booster has not caused failures of 


different locations in the train using wireless 
for control. 

As one of the original instructors of 
enginemen at the time of the electrification 
of the Milwaukee Road in 1915, I used to 
know nearly every foot of the right-of-way 
of the section shown in Fig. 1. The weight 
of train handled as given in the paper has 
greatly increased since those days, the 
original trailing tonnage being 2,500, as I 
remember it. Also, train speeds have just 
about doubled, which is to be expected in 
order to keep up with modern-day progress. 

I was glad to note that the freight car 
couplers have also kept up with progress to 
a degree that permits concentrating the 
amount of drawbar pull, that the locomo- 
tives described can exert, at the head end of 
the train. In my day helper locomotives 
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ing, as compared to ascending for € 


draft gear on locomotives or cars. 
observations on the performance of th 
combination of locomotive units ma 
other locomotives with high tra 
effort and horsepower, indicates that 
locomotive which can exert a gra 
and sustained increase in tractive e 
in starting a train is less severe on d 
equipment than the undersized loc 
tive which must start a train by 
bunching the slack to make use of ti 
energy thus stored in the draft gex 
springs and cushions. | 


Conclusions 


Due to the nature of the profile an 
the traffic to be handled, the prin 
advantages of the diesel booster az 
realized between Deer Lodge and Ha fou 
ton, on both eastward and westy 
trains. On this subdivision, the iner 
in gross ton-miles per train-hour w 
can be attributed to the use of the d 
booster with futl-tonnage trains is 1 
for eastward trains and 25,700 for wes 
ward trains. The more favorable shoy in 
on westward trains is due to the fact tht 
on these trains there is a much gre it 
percentage in the increase in train 
nage, with the prevailing grade dese 


ward trains. 

The performance of the auxiliary die¢ 
control equipment has been satisfact 
The use of a single diesel booster 
with two electric units comprising a1 
locomotive for through service, 
helper locomotives on heavy grades 
required, has improved freight train p 
formance by combining the characte} 
istics of the two different types of mo it 
power, and by providing additional t a 
tive effort where required for heavy gra4 
operation. : 


had to be cut-into the middle of the tre 
and even then one had to be careful | 
starting lest some drawbar, or ‘‘lung 
the trainmen called them, came out by 
“roots.” 


Laurence Wylie: Mr. Hamilton’s 
ments are appreciated greatly, especial 
view of his long and varied experience 
electrical problems associated with railre} 
transportation. It is regretted that 
written discussion of this’ paper 
submitted by others. ; 

The matter of remote control of electt 
diesel locomotives placed at various 
tions throughout long trains is rece 
attention by this author, as well as by ¢ 
now interested in such proposed operé 
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*VER since the advent of a-c systems 
in aircraft, designers have been 
reasingly led to consider methods of 
taining constant frequency from vari- 
e-speed sources, as the aircraft engine 
usually at least two to one in speed 
nge. The first device to obtain con- 
ant speed from a variable-speed source 
us under development for many years, 
d it is only recently that it has been 
msidered reliable enough for general 
Fortunately, the timing has been 
od, since the very large increase in 
craft electrical loads has coincided 
nost exactly with the availability of 
s device. Of course, the large increase 
electrical loads has led to the proposal 
many devices either to provide con- 
ant speed to drive a generator, or to 
tain constant frequency directly from 
Zenerator driven at a variable speed. 


1e Mechanical Differential 


Before surveying the methods pro- 
sed, the mechanical differential will be 
amined in some detail. It will: become 
parent as this discussion progresses 
at the differential method outlined is 
nployed, in one form or another, in 
pst of the proposed devices. If, for 
ample, a constant output shaft speed 
6,000 rpm is required, and a variable 
put speed of from 4,000 to 5,000 rpm 
available, it is clear that some type of 
iable-ratio gearing must be interposed 
tween the input and output shafts. 
ne possible means of doing this is shown 
Fig. 1, where the speed ratio between 
e input and output shafts depends 
bon the position of the roller upon the 
ine. This is a very common method, 
dis frequently seen in applications such 
the step pulley on lathes. 


per 59-780, recommended by the AIEE Air 
ansportation Committee and approved by the 
Operations Department for 
sentation at the AIEE Summer and Pacific 
neral Meeting and Air Transportation Confer- 
e, Seattle, Wash., June 21-26, 1959. Manu- 
ipt submitted March 16, 1959; made available 
printing April 10, 1959. 


B. Owen is with the Douglas Aircraft Com- 
ay, Santa Monica, Calif. 
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Another possibility is that shown in 
Fig. 2, the planetary gear system. Here, 
where there are two input shafts, the 
speed of the output shaft depends upon 
the direction of rotation and the speed 
of the two input shafts. The differential 
shaft may, of course, be turned by any of 
several methods. One method is to 
run a variable-displacement hydraulic 
pump from the input shaft. A fixed 
displacement hydraulic motor then drives 
the differential shaft at the speed fixed 
by the setting of the variable-displace- 
ment pump. The output shaft speed 
will be the sum of the input speeds. 
On the other hand, if the input shaft speed 
is above the desired output shaft speed, 
the motor and pump exchange functions. 
The output shaft speed is now the differ- 
ence between the two input shaft speeds. 
It is important to see here that in the 
first instance the differential shaft adds 
power as well as rpm, while in the second 
case, the differential shaft subtracts 
power as well as rpm. An electric 
generator-motor combination, of course, 
may be used in lieu of the hydraulic- 
pump-—motor combination. 

A third possibility is shown in Fig. 3. 
Here, the variable-speed input shaft 
drives a variable-displacement hydraulic 
pump to which is fixed the body of a fixed- 
displacement hydraulic motor. The 
motor output drives the output shaft 
directly. The output shaft speed is the 
sum of the input speed and the speed of 


the motor relative to that of the pump. 
This is, of course, fixed by the wobble- 
plate setting of the pump. Again, where 
the input speed is higher than the output 
shaft speed, the functions of pump and 
motor are reversed, and the output shaft 
speed is the difference between the input 
speed and the motor-pump speed relative 
to the input. The hydraulic-pump—motor 
combination could have been replaced 
here also by an electric generator-motor 
combination. 


Mathematical Relations 


It is now necessary to set up the mathe- 
matical relationship which relate the 
input, output, and differential torques, 
powers, and speeds. For this, the follow- 
ing nomenclature will be used: 


w;,=angular input speed 

W, =angular output speed 

Wair =angular component of speed trans- 
mitted directly, as that of the input 
shaft of the planetary gear arrange- 
ment of Fig. 2 

Waif=angular component of speed trans- 
mitted through the differential, as in 
Fig. 2 

Ti, To, Tair, Taiy apply similarly to torque 

Pi, Po, Pair, Pair apply similarly to power 

ti, fo, fair, fair apply similarly to frequency 

From an examination of Fig. 2, the 

planetary gear arrangement, it is apparent 

that between the input and output there 

are two speed-torque combinations that 

add or subtract to equal the output. 

1. An input torque Tai; which is trans- 

mitted at the input speed, or wqir. 


2. A differential torque Tair which is 
transmitted at the differential speed waiy. 


Now neglecting efficiencies, and con- 
sidering only where the input speed is 
below the output: 


Wair +Wais = Wo (1) 
Wairl air t+Waislaip=Wolo (2) 
Pair t+Pais=Po (3) 


Equation 3 is simply another way of 


VARIABLE POSITION 
ROLLER 


CONSTANT 
FREQUENCY 
AC 


A-C GENERATOR 
CONSTANT SPEED SHAFT 


Fig. 1. Wariable-ratio gears to provide constant speed from variable speed 
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PLANET GEARS 


VARIABLE 
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Fig. 4. Schematic diagram of power flow 


Black arrow: below synchronous speed 
Light arrow: above synchronous speed 


Fig. 2. Planetary gear arrangement for differential speed 


stating equation 2, as power is the product 
of torque and speed. 

Further consideration will also show 
that the direct, differential, and output 
powers are proportional to the speeds. 
That is, if waz, =3,000, wa:7=3,000, and 
w, =6,000, one half the output power is 
supplied by the differential and one half 
by the direct path. This relationship may 
be summarized as follows: 


(4) 


Wair: Wais?Wo = Pair: Pais: Po 


Now if the case where the input speed is 
above the output is considered, the follow- 
ing is obvious: 


Wair—Wais=Wo (1A) 


Then, further consideration will show that 
the power equation becomes: 


Pair—Pais=Po (2A) 


That is, both power and speed are sub- 
tracted. If the differential speed and 
power are considered negative where 
W;>W,, equations 1 and 2 stand as they 
are. 

To see what the foregoing equations 
actually mean, consider a case where 
W,) =6,000 and P,=100. In one case, let 
the input w;=3,000; in the other, 
w,=9,000. Since w;=wg;,, in each case 


WOBBLER PLATE 


HYDRAULIC PUMP 


Fig. 3. Hydraulic-motor-pump 
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Wwaiy=3,000. Then, making the proper 
substitutions in equation 4: 


Case I 
8,000: 38,000: 6,000 =Pair: 
Pair =50 

Paisz=59 


Case II 

9,000: 3,900: 6,000 = Pair: 
Pair =150 

Pait=50 


Pair: 100 


Pai: 100 


The significance of this is that where 
the input speed is below output speed, 
the output power is the sum of the direct 
and differential powers; where the input 
speed is above the output speed, the out- 
put power is the difference between the 
direct and differential powers. The dif- 
ferential power is thus returned to the 
shaft. This is why the pump-motor or 
generator-motor combinations reverse 
their roles. This must be accomplished or 
the efficiency would be very low indeed, 
for otherwise this power is dissipated in 
the machine. 

The two cases illustrated, where the 
input speed is either below or above the 
output speed, have been reduced to a 
single servo-type diagram which is shown 
in Fig. 4. All quantities are in terms of 
the input and output speeds and torques 
and the direct and differential paths are 


CONSTANT SPEED 
OUTPUT 


CONSTANT 
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AC GENERATOR 
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differential for constant speed 
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shown and are labeled as such. 
direction and quantity of the power f 
are shown by the arrows and labels. TI 
quantity in the differential box is the 3 
or multiplication factor necessary | 
transform the power in the different) 
loop to that required. 


Classification of Methods of 
Obtaining Constant Frequency 
from Variable-Speed Sources 


In general, three methods are curre 
in use to obtain constant frequena 
First, using some mechanical device 


ventional generator. Second, drive tj 
generator at the variable speed and 
special methods obtain constant-frequeniy 
output. Last, use one of the freq er 
changers. As will be shown, the firs ct 
methods are differential, while the thi 
nondifferential. For the sake of — 
venience, the following classification jj 


presented: 


Differential 
A. Constant-speed output devices: 


1. Differential action by means of var 
roller dimensions or by variable roller ; 
tion. ? 


2. Differential action by means of 
draulic-pump—motor combination. 


3. Differential action by means of an elz 
tric generator-motor combination. 
B. Constant-frequency output devici 


1. Differential action by supplying ¢| 

generator field with slip-frequency pov 
(a) Exciter-frequency changer. 
(6) Exciter-rotary amplifier. 


Nondifferential Methods 

A. Frequency changers: 

1. Rotary motor generators. 
2. Static frequency changers. 


CONSTANT-SPEED DEVICES 


1. The first class listed includes the rj 
chanical speed changers, several of whic 
being actively promoted at this time. 
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: 5. Constant 
quency from 
iable speed by 
o-frequency exci- 


tation of rotor VARIABLE 


SPEED 
INPUT 


© adequately represented by the device 
tured in Fig. 1. 


The second class listed includes the 
dromechanical devices in rather common 
e today, and is represented in Figs. 2 and 
Some devices of this type use piston-type 
draulic pumps and motors; others use 
lis, pistons, or a combination of the two. 


The main difference in the third type of 
mstant speed device is the substitution of 
electric generator-motor combination in 
ace of the hydraulic-pump—motor com- 
nation. With this in mind, Figs. 2 and 3 
e adequate. 


ONSTANT-FREQUENCY DEVICES 


In contrast with the constant-speed 
ices, these devices use no mechanical 
siliaries. A variable-speed shaft drives 
e a-c generator, and constant frequency 
taken from the generator output. The 
inciple is illustrated in Fig. 5. Here the 
put shaft speed is w; generating the 
equency f;, A frequency (f,—f;) is fed 
o the rotor and the output frequency 
1 be the sum, f,. By proper choice of 
e frequency fed into the rotor, the de- 
red frequency will appear at the stator 
tput. 
It must be appreciated that exactly the 
me rules apply here as to the mechanical 
fferential. Differential power supplied 
extracted is always proportional to the 
fferential speed or frequency which is 
ed the “slip speed” or “‘slip fre- 
ency.”’ The servo-type diagram of Fig. 
is applicable here as in the case of the 
echanical differential. Neglect of this 
is led many would-be inventors astray. 
The exciter-frequency changer is shown 
Fig. 6. The exciter and generator 
tors are on the same shaft. The exciter 
equency is changed from f; to (f.—f1) by 
e frequency changer and this is fed to 
e rotor. The output -frequency is 
+(f,—f:)=f.. This applies to the case 
below synchronism. For above syn- 
onism, f; is changed to (f;—f.) and is 
btracted from f;, f:—(fi—f.) =f.. The 
quency changer is not necessarily exter- 
ul to the machine, but may be on the 


The exciter-rotary amplifier is shown in 
¢. 7. Here, no frequency changer as 
ich is employed. The field excitation of 
e exciter is at the differential frequency 
i that it acts as a rotary amplifier. 
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NONDIFFERENTIAL METHODS 


Frequency changers of various types 
are well known and need no explanation. 
Several new approaches which utilize 
solid-state devices seem to show con- 
siderable promise. The scheme is either 
to rectify the variable-frequency alter- 
nating current and then produce alter- 
nating current of the desired frequency 
by some variation of the oscillator—-power- 
amplifier principles, or to generate at 
much higher frequencies than the final 
desired frequency and then, by switching 
accurately, to produce the lower fre- 
quency. 


Development of Efficiency 
Equations 


The first part of this paper encompassed 
only physical methods of conversion to a 
constant frequency. In all of the cases 
noted, no account was taken of the effi- 
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ciencies, nor was the problem of obtaining 
excitation power considered. In this sec- 
tion, the efficiencies will be noted and 
describing equations developed, but no 
numerical comparisons will be made. 
The excitation problem will not be dealt 
with, except superficially. Further, the 
losses occasioned by auxiliary devices such 
as pumps or fans for coolant distribution, 
and friction and windage losses will be 
neglected entirely. For practical use, 
therefore, the expressions developed will 
have to be modified to take excitation, 
friction, windage, and auxiliary devices 
into account. Also, electrical and/or 
mechanical difficulties that would be en- 
countered in making a device operable 
will not be considered. 


CONSTANT-SPEED DEVICES DRIVING A 
GENERATOR (Fics. 1-3) 


There are two possible modes of opera- 
tion, below synchronism and above syn- 


fo 


STATOR 


(fo-fj) BELOW SYNCHRONISM 
(fj -fo) ABOVE SYNCHRONISM 


(May BE ON SHAFT INSTEAD) 
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Fig. 6. Differential by frequency changer 
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chronism. For the development of this 
discussion, the following nomenclature 
will be used: 


K,=mechanical to electrical efficiency to the 
generator 

Kair =efficiency of transmission of power at 
shaft rpm 

Kaig=efficiency of the pump-motor and 
motor-pump 


Input Speed Below Synchronism 


If the power out of the drive is P,,, the 
power contributed by the direct and dif- 
ferential portions is as follows: 


w 
Par =— Pao (5) 
Wo 
Wyo—wW 
Rice ee ) Pao (6) 
Wo 


These two components, with the ap- 
propriate efficiencies applied, and with 
R=w;/wp, (1—R) = (w—w)/wW 


RP. 
Pair input =——” (5A) 
air 
1—R)P. 
Puy ee eee (6A) 
Kaiyz 


The total drive input is equation 5(A) 
plus equation 6(A). Then, since the drive 
output Py, is the generator output at the 
efficiency K,, the over-all efficiency of this 
system becomes: 


KgKairKaiy 
RKaist+U—R)Kair 


Efficiency = (7) 


Input Speed Above Synchronism 
The direct and differential powers are 
the same as in equations 5 and 6. How- 
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CURVES OF CONSTANT 
DIFFERENTIAL EFFICIENCY 


INPUT SPEED—RPM 


ever, the differential portion of equation 
6 is put back into the shaft at the effi- 
ciency Kay. Further, since w; is now 
greater than w,, then (wi—w.=(R—1) 
and equation 6(A) becomes: 


Paiy return =(R—1)PaoKaiy (6B) 


The shaft input is then equation 5(A) 
minus equation 6(B) with the proper 
substitution made for Pg. The efficiency 
of the system now becomes: 

KoKair 


. = B 
Efficiency R+(R—-1)KaisKair ie 


DIFFERENTIAL Devices: CONSTANT- 
FREQUENCY GENERATOR (FIG. 6) 


The approach here must be different, 
as other efficiencies are involved, and the 
generator is not in series with the constant 
speed drive. The nomenclature will be 


K,=mechanical to electrical efficiency of the 
generator 

Keg=mechanical to electrical efficiency of 
the exciter acting as a generator 

Kem =electrical to mechanical efficiency of 
the exciter,acting as a motor 

Ky=conversion efficiency of the frequency 
converter in either direction 

K,=transformation efficiency of differential 
power from the rotor to the stator, 
or vice versa 


W;/Wo=R 
Wo Ws _ (1—R) below synchronism 
Wy (R—1) above synchronism 


Input Speed Below Synchronism 


If the output power of the generator is 
P,, the power transmitted across the air 
gap (ag) (direct) and from the rotor to 
the stator by transformer action (dif) is 
as follows: 
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A—Constant-speed device plus generator 


B—Variable-speed constant-frequency generator 
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Pag=RPo Gi 
Paiz=(1—R)Po 


At the efficiencies involved in each pa tt 
these become: 


; Po & 
Pag input = (94 
g 
; (1—R)Po 
P. Input == \ 
dig np ERK ( 


The total power input is equation 
plus equation 10(A). Adding, and th 
taking the efficiency : 


KK 1K Keg 
RK Kk phi pe 


Efficiency = 


Input Speed Above Synchronism 


In this case the differential power st 
tracted from the armature, (R—1)P, 
put back into the shaft at the efficien 
K,, Ky, and K.,. Equation 10(A) mits 
now be revised as follows: 


Pais return =(R—1)P,K 1K Kem (10! 


The shaft power input is now equati 
9(A) minus 10(B). Making the subtra 
tion, and finding the efficiency: 

Kg 


Efficiency = 


DIFFERENTIAL DEVICES: CONSTANT- 
FREQUENCY GENERATOR (Fic. 7) 


If this figure is examined closely, it wii) 
be seen that the circuit is very much 
same as that of Fig. 6, with the excep 
that Ky,, the frequency converter 
ciency, is not present. Thus, if K 
equations 11 and 12 is taken as un 


CURVES OF CONSTANT 
DIFFERENTIAL EFFICIENCY 
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Fig. 8. Over-all efficiency as a function of differential efficiency and input speed 
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se equations will serve equally well for 
case of Fig. 7. (The fact that K;, is 
present in the equations for this sys- 
n does not necessarily mean that the 
pr-all efficiency will be better. K,, and 
are different for the two systems, 
without direct knowledge of the 
ues in each case, it cannot be said 
t one would be more efficient than the 
er on the basis of the equations de- 
oped.) 


iciency Evaluation 


With the development of the basic 
ciency equations, it is now possible to 
ke an assessmnent of over-all efficiency 
a function of input speed, with certain 
tors being held constant. 
its will be defined for each of the two 
es considered. 


NSTANT-SPEED SYSTEM 


ere, constant speed is obtained by a 
chanical device and used to turn the 
herator. Typically, the generator may 
assigned an efficiency of 85%. The 
ciency K,;, may be considered as being 
ty as it is essentially a gearing effi- 
ney, and is quite high in any event. 
ig May be subject to wide variations. 
th these assumptions, over-all effi- 
mcy is plotted in Fig. 8(A) as a function 
input rpm for values of Kai; from 
to 0.9. 


NSTANT-FREQUENCY SYSTEM 


n this case, no constant-speed device 
nterposed between the variable-speed 
irce and the generator. Again, genera- 

efficiency is held at 85% over the 
ire speed range, although it is probable 


Discussion 


tt V. Hoard (Boeing Airplane Company, 
httle, Wash.): The results given in Mr. 
yen’s paper are quite interesting. Fre- 
ency make-up systems or differential 
tems, as a class, certainly are not new. 
e use of low-loss semiconductors with 
bse systems is new and will provide better 
tems than were previously available in 
most every respect. That factor with 
pect to aircraft electric systems is very 
sirable. 

{ have some questions and comments 
ich, I hope, will elicit a clearer definition 
the limits of application of the paper and 
usefulness to the industry. 


The efficiencies shown in Fig. 8(B) are 
what percentage load and power fac- 
on the generator over the speed ranges 


Were the exciter efficiencies Keg and 
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These cop- | 


that there would be some variation both 
above and below this figure. If one 
examines equations 11 and 12, it is seen 
that the efficiencies associated with the 
differential system occur as a group, and 
if the differential efficiency is held con- 
stant, Fig. 8(B) is the result. Over-all 
efficiency is plotted as a function of input 
rpm for values of the “differential effi- 
ciency” (K,K,;K,.,) and (K:K;Kem) held 
constant at values from 0.2 to 0.9. 
Where systems are studied in which K, 
does not appear, it may again be treated 


as being unity, and the curves are still 
valid. 


COMPARATIVE Discussion 


The notable fact about Figs. 8(A) and 
8(B) is that there is such great similarity. 
However, no account is taken of the ac- 
tual efficiencies to be expected in the 
various systems. Therefore, a very brief 
note of the probable range of each is given 
in the following. 


Kaiy. This is probably quite high, in the 
range of 0.8 or above. 


Kem and Keg. On the usual synchronous 
machine with a rotary exciter, the exciter 
efficiency is commonly in the order of 70% 
or less because the exciter of such a machine 
must have a high forcing action to supply 
the needed excitation for load changes, 
faults, etc., at the speeds necessary in the 
modern electric system. A high-efficiency 
machine does not have the reserve capacity 
necessary to accomplish this function. 
Since the exciter in the cases presented here 
is more than an ordinary exciter, in that it 
supplies power as well as excitation, it is not 
clear whether its efficiency will be as low as 
in the case of the d-c exciter. In any event, 
it certainly cannot exceed the usual genera- 
tor efficiency of 85%, and is more likely less 
than 80% efficient. 


Ky. Reliable sources have stated that the 


Sa 


Kem assumed constant or variable for the 
curves of Fig. 8(B)? This is a very impor- 
tant factor since, for some systems of this 
type, the exciter physical size may equal or 
exceed that of the generator. However, for 
rated generator load at minimum speed, 
the exciter voltage output and its required 
excitation are high, hence there are high 
losses; while at generator synchronous speed 
the exciter output and losses may both be 
low. Reasonably correct efficiency values 
may be hard to estimate fer this important 
machine over the speed range. For the 
system indicated in Fig. 7, the statements 
are made in the paper that, ‘Here no fre- 
quency changer as such is employed. The 
field excitation of the exciter is at the dif- 
ferential frequency, so that it acts as a 
rotary amplifier.” I cannot agree with this 
relatively simple conclusion since the ex- 
citer rotor or armature is rotating at an 
equivalent shaft frequency and under some 
conditions there may be present in the ex- 
citer output, the shaft frequency, the ex- 
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efficiency of this device will be 90% or above, 
which seems reasonable. 


K,. This is essentially a high-reactance 
transformer efficiency since there is an air- 
gap between the rotor and the stator. It 
is difficult to see how its efficiency can ex- 
ceed 80%. 


Conclusions 


No definite conclusions can be drawn 
from the preceding development, and 
none were intended. The intention was 
merely to point out that all of the pro- 
posed ‘‘new”’ systems are basically very 
similar to the old ones, and a preference 
for one over the other will mainly depend 
upon availability and the state of develop- 
ment. Certainly there is nothing here to 
indicate radical superiority in any case. 

The efficiencies cited here may, in fact, 
not be realizable on a practical system, as 
other considerations must be entertained. 
Further, the most efficient system may 
be such that it cannot be built to operate 
both above and below the synchronous 
speed, and though many such disabilities 
may occur, it is not the function of this 
paper to point these out. 
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citation or slip frequency, and their sum 
and difference. Some frequency-changing 
device is needed to obtain only the am- 
plified slip frequence W.-W; for use of the 
generator rotor. 


T. B. Owen: I believe the two questions 
asked by Mr. Hoard can be answered by one 
statement. The over-all efficiency curves 
of both Figs. 8(A) and (B) are based on 
three simple assumptions: 


1. The generator efficiency Ky is 85% for 
any load put on it, at any input speed. 
Obviously, this can only be true for a lim- 
ited area of loads, speeds, and power fac- 
tors, but any other approach leads to utter 
confusion. 


2. The differential loop efficiencies, Ky, 
Ky,Kem, Keg, are not individually segregated. 
That is, for a constant differential effi- 
ciency curve of 0.9, say, the product K; X Ky 
X Kem or Ki X Ky X Keg is 0.9. The in- 


325 


dividual efficiencies can be anything, as 
long as the product is 0.9. 


8. No account is taken of excitation. 
This is a loss which must be factored in, as 
well as windage, copper, iron, etc. 


In order to define the limits of this paper, 
as requested by Mr. Hoard, I would like 
to note that all I have done is to present 
a method of analysis, and to show that all 
methods come down to the same thing, 
whether they function hydraulically or 
electrically. The way the curves of Figs. 
8(A) and(B) should be used is to assume 
some speed range, and from Fig. 8(A), find 
the over-all efficiency of the constant-speed 
drive plus generator, assuming that the 
differential loop efficiency of the pump- 
motor combination is known. Then, for 
the same speed range, Fig. 8(B) will give 
the required differential loop efficiency for 
the systems of Figs. 6 and 7. 

If the efficiency of the latter is ap- 
preciably less than that of the former, 


and shows the possibility of less complica- 
tion, then it will be worth further investiga- 
tion. I think that if Mr. Hoard uses my 
paper in this manner, he will not find very 
significant differences between the over-all 
efficiencies between the constant-speed and 
the constant-frequency systems. 

I do not quite understand Mr. Hoard’s 
statement regarding Fig. 7. If he will refer 
to Fig. 6, he will note that there is a phys- 
ical, discrete, frequency changer between 
the exciter and the generator. In Fig. 7, 
a frequency changer, as such, certainly is 
not present. Further, any generator may 
be considered as a rotary amplifier; the 
output voltage, frequency, and power are 
functions of shaft speed, load, and field 
excitation. I believe my statement will 
stand as written. 

I have serious doubts that the develop- 
ment of low-loss semiconductors will do 
much toward making the “differential” or 
‘frequency make-up’ systems practical. 
This, I will admit, is an unpopular opinion, 


‘Mr. Johnson of Hallamore and Mr. © 


since almost everybody is going in the: 
direction, but if the frequency conver 
Fig. 6 and the rotary amplifier of Fi 
are practical for the applications sh 
they should be even more practical 
used directly as generators. For exa: 
a 60-kva “frequency make-up” system 
require at least a 20-kva, and possik 
30-kva, frequency changer, and there a 
a number of generators of this capacity } 
use today. To my mind, this is a mud 
more practical application than in the sy 
tems shown, and would be a major st 
toward simplifying systems now in use. _ 

My thanks go to Mr. Hoard and to 
who made oral comments on my p 
I trust that the paper will be help 
evaluating the problems we have in 
area. Also, I am very much indebte 


win of Jack & Heintz for valuable di 
sions prior to writing this paper. With 
their comments, I could not have prepari 
it. 


Practical Considerations of an lon 


Propulsion System 


A. E. LENNERT 
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T CAN logically be assumed that within 

5 years it will be possible to project 
into orbit a 20,000-lb (pound) vehicle, five 
times as heavy as the largest satellite now 
in orbit. This payload capability is a 
necessary intermediate step in the long- 
range program leading to manned space 
flight. 

Today’s space vehicles cannot maneu- 
ver nor, until the recently announced 
SNaP III device, could they carry on unin- 
terrupted communications for a great 
length of time. Control and communi- 
cation then are the main obstacles block- 
ing the way to space travel for other than 
exploratory and academic purposes. 

The ion rocket is a reasonable system 
which has the inherent growth potential 
to power a space vehicle on extended jour- 
neys. In various forms, it has been the 
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subject of several papers. This paper pre- 
sents a parameter study of the ion propul- 
sion system in terms of driving a 20,000- 
lb vehicle into space where the power 
source stems from the direct conversion of 
nuclear to electric energy. 


Comparison of Space Propulsion 
Systems 


An ion system may be justified mainly 
by the requirements of future space ve- 
hicles, requirements such as extreme re- 
liability, development time cost, power 


source, specific power generation, specific 


impulse, payload capability, and many 
others too numerous to mention. Table I 
briefly outlines the characteristics of a 
number of propulsion systems that have 


Table |. Principal Propulsion Parameters 
: Radio- 

Chemical Plasma Solar isotope Photon Ion 
Specific impulse, seconds (Isp)... .400*....900—2X104.. high. . ashigh.> > higha4-4 a 2X 104 
Thrust to weight, acceleration.... 2+...:8X10——..... lOW, come Lowi sons extremely....10-45 X 

in g’s (T/W) 8xX10-4 low 
eee ae thrust, kw/lbi.20- 25" ....30-3300......, zerof....low..... lowhys28 +. .286—500 
Zs ; 


* Considered an upper limit of the chemical system. 
} Considered minimum at take-off, increases with al 


and atmospheric pressure. 


} Depends upon the microscopic viewpoint that the sun’ s energy is being absorbed and then reradi 
for which wx0, or macroscopically reflected for which w= 0. 
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‘while carrying a payload of ap 


ititude in wets of the decrease in gravitational 


been mentioned for use in space fi 

The ion system is among those 
meet the major requirement for sj 
propulsion: high J,;, and hence loy 
Other systems with this quality pre 


which compares all the systems on al 
of thrust-to-weight ratio, T/W=5X 


mately 3,000 Ib). 
Ion Rocket Description 


A conceptual design of a preliminary 
rocket system, which can be called a tet 
bed, is shown schematically in Figs. 12 
2. It functions in this manner. T 
sium tank and associated pressuriz 
and control equipment are in a comy 
ment between the direct conversion 
clear-electric power supply and the d 
d-c inversion-transforming housing. 
either side of the cesium tank are 
sheets of highly reflecting material 
prevent a large temperaturerise wi 
tank and accelerating equipment compe 
ments. With the aid of proper con 
the cesium flows into the ion-forming 
gion and is sprayed through carefully 


NOVEMB: 


EAR ELECTRIC DIRECT SYSTEM CONVERSION 


DIATOR SKIN 


REFLECTOR 


BUS BARS 


Fig. 1. 


ned nozzles against a tungsten spray 
m, see Fig. 2. When an atom of an al- 
li metal strikes a hot tungsten surface 
electron is given up by the neutral 
pm and then rebounds in the form of a 
sitive ion. 
If the ionization potential, H;, of the 
itral impinging atom is lower than the 
rk function, e¢, of the material being 
ck, then there is a certain probability 
the impinging atom to lose its valence 
etron. The ratio of the number of 
sitive ions, 2+, evaporating from the 
ace of the tungsten spray pan to the 
mber of neutral atoms, 7, may be deter- 
ned from the following relationship.! 


ed—Ei 
kT 


8.5X10-4ev/K (electron-volts per degree 
Kelvin) 
degrees K 
and ed are measured in ev 


As a typical example, consider the case 
cesium being sprayed upon a hot tung- 
bn surface maintained at a temperature 


me00 K. kT = 0.1 ev; ed — £; 
4.52 — 3.87 = 0.65. Thus, the ratio 
‘/n = e°*, or approximately 400, re- 


Its, which for all practical purposes indi- 
tes 100% positive ion formation. Ex- 
rimental data verifying the analytical 
ution may be found in reference 2. 
he positive ions thus created are ex- 
acted from the ion-forming region by. 
of suitably designed electrostatic 
Ids which control the drift of positive 
as into an accelerator region. There, 
table potentials are applied to acceler- 
e the positive ions to a predetermined 
locity, yielding the thrust component 
which the system is designed. 

‘A separate, but similar, system is re- 
ired for the removal, focussing, and ac- 
ation of electrons; however, the ac- 
erating voltage in this instance is ex- 
emely small compared with that re- 
ired for the positive ions. This is due 
the difference in masses of the electrons 
the positive ions, clearly shown by 
uation 5. Instead of using a complete 
stem to accelerate electrons, it is possi- 
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ble to bleed the excess electrons from the 
tungsten spray pan and, with sufficient 
potential, boil them off at the same veloc- 
ity and direction as the positive ion stream 
thus neutralizing the positive ion space 
charge. This design feature is necessary 
in order to overcome the deleterious effect 
of space caused by the positive ion beam. 
In addition, it tends to keep the vehicle 
electrically neutral thereby preventing 
additional problems due to a_ highly 
charged vehicle. 

Velocity components of the electrons 
should be comparable to the positive ion 
velocities so that the electrons will remain 
in the close proximity of the positive ions, 
hence increasing the probability for charge 
neutralization. 


MATHEMATICAL ANALYSIS 


The equations for analysis of an ion 
propulsion system are interrelated in 
graphical form at the end of this section. 

The space-charge-limited current den- 
sity within a constant accelerating field of 
voltage, #,, for the case of parallel plate 
geometry is described by reference 3. 


Nyheed: € 2eQ Ey amp 
=—=—- Ey = — 1 
I~ 52 225m pM ” da? m (1) 
where 


it=ion beam current, amperes (amp) 

€0=permittivity in free space, meter-kilo- 
gram-second system 

e=charge on the electron, coulombs 

Mp =mass of the proton, kilograms 

Q=degree of ionization (in this report 
singly only) 

M=atomic weight of the ion (cesium 
132.91) 

Ey =accelerating voltage 

d=plate spacing, meters 

S2=area of the plates, meters? 


CONTROL 
(INPUT: 


HIGH-PRESSURE 


Fig. 2. Cesium sys- HELIUM SUPPLY 


tem layout 
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SLIGHT PRESSURE 
1I5F<T< 900 F 


To obtain an expression for electric 
power P, that is applied to the ion acceler- 
ator, as a function of vehicle thrust (T), it 
is noted that 
Pe= Epi (2) 


and from fundamental considerations 


i=0.450 2 


(3) 


— amp 

Mp! 
where w is the propellant flow rate in lb/- 
sec (second). The thrust is obtained 
from Newton’s second law: 


raajal® s) melee 
g g 


In this equation the exhaust velocity of 
the ions is assumed to be constant, which 
is quite valid so long as the accelerator 
plate potential is constant. 


(4) 


g=acceleration due to gravity, meters/sec? 
ve =exhaust velocity of the accelerated ions 

Exhaust velocity is described by the 
following equation: 


2 
a 422 E» meters/sec 


(5) 


Combining equations 2-5 gives the 
power required per unit thrust 
QE, 

- kw/Ib 


(6) 


(Equation 6 leads to a conservative 
estimate of the thrust for given electric 
power because, in equations 4 and 6, ac- 
celeration due to gravity (g) is assumed 
constant. Actually, in a 2-body problem, 
it decreases with altitude as g=g,(r,/r)?, 
g being the value at the earth’s sur- 
face, 9.8 meters/sec,” and 7, being the ra- 
dius of the earth and r=r+h where h is 
the height above the earth’s surface.) 

Another useful expression, relating the 
thrust and the propellant flow rate, from 
equations 4 and 5 


as 
ral <C Ey tb 


& YMp 


(7) 


The design of the ion accelerator por- 
tion itself requires a knowledge of the 
voltage gradient, area of the plates, and 
the thrust demanded by the system. 


SPRAY MANIFOLD AND NOZZLES 
PRESSURE REGULATOR 


; GRID 
TUNGSTEN SPRAY PAN ACCELERATOR 
PRESSURE PISTON 


CYLINDRICAL ACCELERATORS 
GIMBAL- MOUNTED AND 
GUIDANCE - CONTROLLED 
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These are obtained from equations 1, 2, 4, 
and 5 in the form. From equation 8, 
given a value of the voltage gradient 
E,/d in volts/meter, the area of the ac- 
celerator plates required for each pound of 
thrust may be obtained. 


S? 6.0310" 


= (E,/d)? ft? (square feet)/lb (8) 


Equations 1 through 7 consider the 
major parameters required for the study 
of the ion system itself, with no regard for 
the vehicle trajectory in space. However, 
such quantities as thrust, 7, and over-all 
weight, W, do influence the vehicle tra- 
jectory and are particularly important for 
any contemplated mission. Indeed, the 
ratio of thrust to weight is extremely im- 
portant for this is the g acceleration the 
vehicle is constantly experiencing, the key 
factor in determining the time required to 
complete any mission. 


GRAPHICAL INTERRELATIONSHIP OF 
PARAMETERS 


The ion system parameters just de- 
scribed in equation form are presented 
graphically in Figs. 3-8. From these 
curves a conceptual design of the ion 
vehicle can be projected, based upon the 
following assumptions: 


1. The vehicle is initially in the earth’s 
orbit, projected there by a booster mech- 
anism comparable to the advanced Titan 
system. 


2. Minimum perigee is approximately 300 
miles. (This condition is imposed because 
drag forces are extremely low at this alti- 
tude with negligible effect on the applied 
thrust. Reference 5 reports that a vehicle, 
with area dimensions somewhat greater 
than the current design, experienced a drag 
force of approximately 10-5 lb at 300-mile 
altitude. ) 


3. Controlled flight time is arbitrarily se- 
lected as 500 days. 


4. Total vehicle weight (booster payload) 
is selected as 20,000 lb, apportioned as fol- 
lows: 


(a). Direct nuclear-electric 
reactor and associated control 
equipment 8,000 
(b). Electric transformation 
equipment 2,000 
(c). Tankage and_ allied 
equipment 1,000 
(d). Ion fuel (based on cesium 
which imposes the greatest 
weight penalty) 3,000 
(e). Accelerator and allied 
equipment 1,000 
(f). Structure 1,000 
(zg). Payload (guidance and 
control equipment, cameras, 
transmitters, receivers, scien- 
tific instruments, etc.) 3,000 
Subtotal 19,000 
Contingencies 1,000 
Total 20,000 Ib 


5. Power at the bus bar is 400 kw. 


Fig. 3 shows the variation of thrust with 
electric power, using the accelerator plate 
voltage and the ion propellant as param- 
eters. It is readily seen that for a given 
power setting thrust varies inversely with 
plate voltage and directly with the atomic 
weight of the propellant. It appears, at 
the outset, that if power is the overrid- 
ing concern, the accelerator plate voltage 
sbould be as low as possible and materials 
having the greatest atomic weight should 
be selected. 

Fig. 4 is a plot of thrust versus propel- 
lant flow rate, with the parameters again 
being the accelerator plate voltage and the 
atomic weight of the propellant. If pro- 
pellant weight is the dictating parameter, 
then it appears that the propellant should 
be of the lowest atomic weight. 

Fig. 5 indicates thrust versus ion cur- 


THRUST, LB 


THRUST, LB 


ELECTRICAL POWER, KW 


THRUST, LB 


Fig. 3. Electric power versus thrust 
——-——Cesium 
——Potassium | 

Voltage parameter is the accelerator plat 
voltage 


rent, with the accelerator plate voltag} 
and the propellant as additional paré 
eters. For a given thrust and pl 
voltage, it is seen that the ion current y 
ies inversely as the atomic weight of 
propellant. For a given plate voltage, th} 
exhaust velocity of the ion beam increase 
inversely as the square root of the ato! 
weight of the material as described 
equation 5. 
Fig. 6 (obtained from equation 3) 
scribes the variation of propellant f 
rate with ion current for the two mate 
being considered, cesium and potassiur 


2 6 10 14 (Spams: ;2omns0 
PROPELLANT FLOW RATE, LB/SEC x 1075 


Fig. 4. Thrust versus propellant flow rate 


——— —Cesium 
Potassium 


Voltages are the accelerator plate voltage 
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~-- —Cesium 
Potassium 
Voltages are the accelerator plate voltage 
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Fig. 5. Thrust versus ion current 
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Fig. 6. Propellant 
flow rate versus ion 


current 


——-——Cesium 
Potassium 
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e curves show that the ion current re- 
red for a given flow rate decreases as 
atomic weight of the propellant in- 
ases. Again, if propellant weight is a 
erion, then the highest weight should 
sought, consistent with the dictating 
uirement of producing positive ions 
iently. 
ig. 7 summarizes a number of accel- 
or characteristics. Plate spacing be- 
een the accelerator plates is plotted 
inst accelerator voltage. Parameters 
the field strength (volts/meter) and 
surface area required per unit thrust 
Ib). Fora field strength of 105 volts/- 
er, accelerator spacing is in the order 
0 cm (centimeters) for 12,000 volts on 
accelerator plates. Although this de- 
n feature is quite practical, the ac- 
erator surface area required, because 
rent density is limited by the effects 
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ACCELERATOR PLATE VOLTAGE , VOLTS 
7. Plate spacing versus plate voltage 


F,/d=105 volts/meter; S2/T=603 t?/lb 
Exd=108 volts/meter; S2/T=6.03 ft?/Ib 
-Eyd =107 volts/meter; $2/T=0.06 ft?/Ib 


EMBER 1959 


180 200 220 240 


of space charge, is approximately 600 
ft*/Ilb thrust. This is rather an impracti- 
cal value for the present system design. 
Increasing the field strength by an order 
of magnitude to 10° volts/meter indicates 
that the plate spacing would be in the or- 
der of 1 cm while the required plate area is 
reduced by approximately 6 ft2/Ib of 
thrust. As these values are reasonable 
and practical to attain, they merit further 
consideration in the system design. 

Upon increasing the field strength still 
further, it is seen that the accelerator 
plate spacing is in the order of 0.1 cm and 
the accelerator plate area in the order of 
0.06 ft?/Ib of thrust. Although the lat- 
ter value is quite attractive and appears 
practical, the small plate spacing poses a 
number of problems. In this region, the 
field is strong enough to create disturb- 
ances within the ion beam. Electrical 
breakdown may result, thereby destroy- 
ing the entire accelerator system. There- 
fore, the field strength should be consid- 
ered initially in the order of 10° volts/- 
meter with a minimum of 12,000 volts on 
the accelerator plates. The other values 
should be adjusted accordingly. 

The reason for selecting 12,000 volts as 
the minimum plate voltage is clearly 
shown in Fig. 8, a plot of ion beam and ac- 
celerator plate currents as a function of ac- 
celerator plate voltage. With relatively 
low voltages applied to the accelerator 
plates, the plates tend to draw at least an 
equal, if not greater, amount of current 
than that of the ion beam. This phenom- 
enon occurs because, when the accelerator 
voltage is relatively low, a considerable 
portion of the ion beam current is at- 
tracted to the accelerator plates. Fig. 8 
indicates that the accelerator current 
reaches its maximum at 5-kv plate poten- 
tial and then decreases markedly as volt- 
age is increased. The accelerator beam 
current becomes . asymptotic in the 
neighborhood of 12 to 14 kv. It is be- 
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lieved this large value for the accelerating 
potential could be decreased by designing 
guard rings properly and by cooling the 
acceleration plates. 


ELECTRICAL SYSTEM 


The electrical system functions in the 
following manner. The output from the 
nuclear reactor is in the form of high-cur- 
rent-low-voltage direct current. By 
means of properly designed busbars the 
current flows to the inversion-transform- 
ing region. The output from the nuclear 
power plant is in the order of 500 kw. 
With approximately 80% over-all effi- 
ciency, the power to the accelerator is ap- 
proximately 400 kw. 

The inversion process may be effected 
with the use of “gated” silicon rectifier 
cells in a manner similar to the ignitron 
conversion, with the gate serving as a 
commutation device used in conjunction 
with a sequence timer. Conventional 
silicon cells currently in operation may 
carry peak currents of 1,000 amp with the 
gated version available to carry approxi- 
mately 25 amp. With several years of fur- 
ther developmental effort, larger ratings 
for this application may be anticipated in 
a low-duty-cycle arrangement as shown in 
Fig. 9. Frequency of operation would be 
limited by the permissible duty cycle. 

The voltage drop across the silicon cells 
is approximately 1 volt with a resultant 
efficiency of approximately 98% for this 
application. The rectifier requirement is 
a half-wave 6-phase circuit with a number 
of silicon rectifiers in each phase depend- 
ing upon the ratings of the rectifiers. 
The over-all efficiency from the reactor 
output to the bus bars is about 80%. 


Conclusions 


As in many other types of propulsion, 
there are a number of unsolved problems 


CURRENT , MILLIAMP 
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Fig. 8. Current versus accelerator plate 
voltage 


A—lon beam current 
B—Accelerator electrode current 
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“ Fig. 9. 
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inherent in ion propulsion. The ultimate 
objective is a space vehicle system of op- 
timum efficiency but, at first, efficiency it- 
self is not the paramount criterion from 
which all other design considerations 
must originate. It is of more immediate 
importance to design, construct, and 
ground-test an operational vehicle and 
then optimize the system for the greatest 
over-all efficiency. This is particularly 
true of the ion system where a strong in- 
terrelationship exists among parameters. 
Individual parameters might be superfi- 
cially optimized only to find that the 
process upsets some other paramerer. 

As an example, it is sometimes stated 
that the greater the plate voltage, the 
greater the exhaust velocity, and hence 
the more efficiency the system. That this 
is not necessarily true can be seen from 
equations 3, 4, and 5, which indicate that 
an increase in accelerator plate voltage 
Ey increases the exhaust velocity v, of the 
positive ions. For constant power, an 
increase in plate voltage E, corresponds 
to a decrease in the current 7. However, 
the thrust T depends more strongly upon 
the current than upon the voltage. In 
fact, an increase in accelerator voltage 
Fy actually decreases the thrust under 
constant power operation. 

With these considerations in mind, a 
number of problems associated with anion 
propulsion system may be considered un- 
der three main categories: (1) ion thrust 
chambers, (2) propellants, and (3) high 
specific power generation. 

Problems associated with the ion thrust 
chamber are related to such items as the 
ion source, electron source (necessary for 
space charge neutralization), and the ion 
accelerator system. In each case, al- 
though design feasibility may be estab- 
lished by means of the equations, further 
theoretical and experimental work, in the 
tens of ampere range, is essential. In- 
creasing the voltage gradients raises the 
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space-charge-limited currents which, for 
constant current, implies reducing the ac- 
celerator plate areas. Detailed experi- 
mental effort is obviously in order. 

With regard to propellants, the over-all 
propellant weight for an alkali ion system 
appears to vary between limits that are 
not too great, whether cesittm or sodium is 
used. That is, alkali metals have atomic 
weights between 23 and 133, so that at 
constant current the propellant flow rate, 
and hence total propellant weight W>, 
may vary by a factor of 6 (equation 38). 
It may be possible to utilize heavy mole- 
cules for the propellant, such as SblIs 
which has a molecular weight of approxi- 
mately 757, the provision being that it 
would be possible to remove an electron. 
This would bring about a new positive 
charge on the molecule and enhance the 
system’s characteristics. This area mer- 
its more detailed effort. 

The third category, high specific power 
generation, also requires considerable ex- 
perimental effort in building a direct nu- 
clear-electric conversion system as out- 
lined in Fig. 1. At present the fuel load- 
ing appears enormous (approximately 20 
Ib per linear ft of reactor) and the power 
density is on the order to 35 kw per cubic 
ft. In addition, further work is needed 
on semiconductor rectifiers to handle ex- 
tremely high currents and voltages. 

There is no doubt that the problems in- 
herent in the ion system design challenge 
the engineering mind. However, it is 
strongly believed that if the requirement 
for such a system were generated these 
major problems would be resolved. 


Appendix. Comparison of 
Space Propulsion Systems® 
Chemical Rocket 


Even though the chemical rocket exhibits 
high thrust and a high thrust to weight 
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ratio, it offers little promise for space pro 
pulsion in view of its high propellant 
sumption characteristics. Its Isp is lim 
to values below 400 sec. 


Photon Rocket 


Equations describing the energy 
momentum of photons may be written: 


E=hy= a 
nN 

p=h/r 

where 


h=Planck’s constant 

v=photon radiation frequency 
c=velocity of light 310 cm/sec 
\=photon radiation wavelength 
p=momentum 


Since the thrust 
T=d/dt(P) 


by combining equations 9-11 the followin) 
is obtained: 


1dE 
T=d/di(E/c)=- — 
c dt 


A photon rocket, depending upon a a 
clear reactor for its source of photons, wif 
be assumed to weigh approximately 20 
lb with a 3,000-Ib payload. For T/W 
5X10-5, the thrust would be approximatele 
1 1b. For 1 lb of thrust equals 4.45X1 
dynes, the fuel burn-up required per tf 
time is obtained by the use of equation 


dE 
sn- [Fr a= [eri=crar 


=3X10"X4.45X105 
= 8.34 X10?! mev/sec 


Consider the use of fissionable materi? 
(U-235) for the creation of photons am! 
assume that the efficiency of production | 
10%. The energy that can be supplied 


mev 
E;=(0.10)200 —— X6.02 X 108 
ssion | 
atoms 1 gm-atoms., | 


gm(gram)-atom 235 gm 


gm 
eee 
ib 

=2.33 10% — 


lb U-235 
Dividing equation 13 by 14, it is seen tl xe 
8.35 X 102! mev/sec 


2.33 X10 mev/lb of U 
Ib/sec = 1.63 gm/sec 


=3.57 X1073 


For one day of operation approximate 
1.41 kilograms of U-235 would be requ 
for burn-up, which would cost approx 
mately $21,125. This does not take inte 
count the nonfission absorptions whick 
creases the fuel investment by appt 
mately 10%, nor is the normal fuel loa 
required for criticality considered. The 
required for burn-up due to all processe 
long-term operation is only about 
of the total fuel investment. Fuel 
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ne makes the photon rocket unattractive 


ar Rocket 


A solar rocket derives its component of 
ust from a sail that reflects solar energy 
otons). The sail must have considerable 
ace area in order to reflect a sufficient 
ount of energy to give it the desried 
ust. The intensity of solar radiation 
put the earth is approximately 1 kw/ 
er?® and on reflection from the sail (say, 
minum-coated), the intensity is doubled 
kw/meter?, If it is assumed that the 
ght of the sail and the structure is ap- 
ximately half the vehicle weight, then a 
al weight W=6,000 lb and the sail 
ght is approximately 3,000 lb. For the 
ust to weight ratio T/W of 5X10 the 
ist is found to be 0.3 1b. Using equation 
dE/di=4X105 kw, the sail area re- 
ed for this thrust is 


=2X10° meter? 


his is an area, if taken as a square, with 
ide of approximately 480 yards. Also, 
iew of its extremely small skin thickness, 
solar sail is subject to rupture by pene- 
ion of meteorite particles and does not 
pear practical for long range space flight, 
does it have a promising growth poten- 
for increase in power density. 


dioisotope Rocket 


Bpace propulsion may be accomplished 
means of a polonium sail’? which utilizes 
natural radioactive decay particles of 
isotope Po-210. Po-210 decays by 
ha-particle emission, and a sail coated 
h a thin layer of the material could pro- 
trouble-free operation. Other alpha- 
icle emitters are also possible, although 
210 seems to strike a good compromise 
ween alpha-particle decay energy and 
atively long half-life. ; 

[Three parameters of interest for this 
210 sail system are (1) dynes thrust/gm 
10-210, (2) areal density (gm/cm?), and 
cost. To obtain parameter 1, note that 
thrust/gm of Po-210 is 


(16) 


=total mass ejected from rocket 

=mass of alpha-particle 

velocity of alpha-particle 

/dt=number of Po-210 atoms disinte- 
grating/sec/gm of Po-210 with emis- 

- sion of an alpha-particle, i.e, number 

of alpha-particles/sec/gm of Po-210 

210 emits an alpha-particle of average 

gy E=5.3 mev, so that 


Discussion 


7 


W. Stineman (Boeing Airplane Com- 
ty, Seattle, Wash.): The author’s 
ation 5 results in an overly optimistic 
ue for the exhaust velocity to be ex- 
ted from an ion accelerator, because the 
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sa \~ 5 IRCA 
ma \ (4) 1.66X10-% 
=1.6X10%cm/see (17) 


Recent information from an Atomic Energy 
Commission representative at Mound Lab- 
oratory indicates Po-210 with a source 
strength of 1.4 micrograms/millicurie may 
be obtained at a cost of $0.10 per millicurie 
in large lots. Therefore, for 1 gm of Po-210 


dN 1 
dt 1.4 microgram/millicurie 
10” alpha-particles/sec/gm Po-210 (18) 


=(715) 3.7X 


Combining equations 16-18 


T=1.6X109 (715) 3.7 X10 (4) 1.66 10-24 
=0.28 dyne/gm Po-210 
=6.3X10~7 lb thrust/gm Po-210 (19) 


The areal density (gm/cm?) of the Po-210 
coating on the sail can be conservatively 
estimated by choosing a thickness of Po-210 
equal to the range of 5.3 mev alpha-particles 
in polonium itself. Since this range turns 
out to be about 1073 cm, and the volume 
density of polonium p=9.4 gm/cm3, the 
areal density becomes 9.4107? gm/cm?. 

To determine the third item (cost), it is 
necessary to know the sail area required. 
Here again a conservative guess of sail 
weight equal to half the total vehicle weight 
implies, for a 3,000-lb payload, a sail of 
about 3,000 lb, and total vehicle weight of 
about 6,000 Ib. But, with T/W~5X10% 
and W=6,000 lb, F=0.80 Ib=1.3><105 
dynes. This, coupled with equation 19, 
indicates that the amount of polonium 
needed is 


(1.3 10° dynes)/(2.8X10~ dynes/gm 
Po-210) = 4.65105 gm Po-210 (20) 


From equation 18, 71510? millicuries/ 
gm Po-210 is the available source strength, 
which results in a total strength of 


(4.65 >< 105 gm Po-210)(7.15X 105 milli- 
curies/gm™ Po-210) = BYSe >< KO 
millicuries (21) 


Ata cost of $0.10 per millicuries this means 
that the necessary sail would cost about 33 
billion dollars, which is, of course, the most 
significant deterrent to the whole concept. 

The actual sail size, which depends on the 
areal density and the mass of Po-210, is 
then 


(4.65105 gm)/(9.4X10~* gm/cm?)> 

2,420 yards? (22) 

An equivalent square would thus have a 
length of 49.3 yard on each side. 

Finally, it must be borne in mind that al- 

though the 33.2 billion dollar cost is prohibi- 

tive, it is based on a 3,000-lb payload with 


equation implicitly assumes that all of the 
electric energy being supplied to the acceler- 
ator is converted to ordered kinetic energy 
of the exhaust stream. This may be a rea- 
sonable assumption for a few widely sepa- 
ratedions. However, in the relatively dense 
ion streams envisaged for propulsion appara- 
tus, interaction between ions will partially 
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T/W~5X10-. For smaller payloads, it 
may well be that the radioisotope sail is 
more attractive. However, one drawback is 
the difficulty of both obtaining the needed 
Po-210 and coating the sail. 


Plasma Rocket 


W. Bostick states that his plasma gun 
fires about 10~7 gms of plasma per pulse, 
and that velocities of the order of 107 cm/ 
sec can be obtained for these plasmas. 
Since Bostick visualizes the need for a pri- 
mary electric power source for his plasma 
gun rocket, as, for example a nuclear reactor 
system, it is reasonable to assume, as for the 
ion system, a total vehicle weight W= 
20,000 lb. Maintaining the T7/W ratio at 
510 implies a thrust of T=[1.0 lb]= 
4.45105 dynes. In general though, T= 
(4.45 X 105) /107=4.45 X10-2 gm/sec. Each 
gun is capable of 10-7 gm plasma/pulse, 
yielding 0.45108 pulses/sec, or about 2 
microsec/pulse. 

If this can be accomplished by one gun, 
or perhaps several guns operating together, 
then the plasma system is a promising one. . 

An inherent advantage of plasma propul- 
sion over ion propulsion is the essentially 
neutral character of the plasma. That is, 
while space charge neutralization is neces- 
sary for the ion system, no such provision 
must be made for the plasma system. 
However one disadvantage lies in the elec- 
trode erosion? during continuous operation 
which tends to limit the use of plasma 
systems. 

In conclusion, Bostick indicates that cur- 
rent work on plasma acceleration by so- 
called rails, etc., may soon allow plasma 
velocities to become as high as 108 cm/sec. 
This is a significant advance, at least as re- 
gards propulsion possibilities. 
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disorder the motion of the ions, thus con- 
verting some of the energy into heat. An- 
other factor is that an ion cannot fall through 
the full potential difference between elec- 
trodes, Ep, unless it actually strikes the at- 
tracting electrode. Ions which are dis- 
charged into space can be accelerated by 
only a fraction of the total voltage. Good 
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design can make this fraction large, but not 
unity. In general then, a factor should be 
included under the radical in equation 5 to 
represent the efficiency of converting elec- 
tric energy to ordered kinetic energy. The 
determination and optimization of this 
efficiency is one of the problems to be 
solved. 

Exception is taken to the author’s con- 
tention that equation 6 is conservative. 
There appears to be a misinterpretation of 
the meaning of g in equation 4. Equation 
4 is simply a statement of Newton’s second 
law of motion. However, with force ex- 
pressed in pounds, mass in pounds, and veloc- 
ity in meters per second, a unit conversion 
factor is required. The fact that this con- 
stant unit conversion factor happens to be 
equal to the sea-level acceleration of gravity 
is coincidental. Note that the author’s 
reasoning would lead to the untenable con- 
clusion that in interstellar space, where local 
gravity is virtually zero, an infinite amount 
of thrust could be attained from a minute 
amount of power. In addition, the preced- 
ing discussion of equation 5 is equally appli- 
cable to the equations which are derived 
from it. 

Figs. 3 and 4 present useful design infor- 
mation, but do not support the author’s com- 
ments regarding selection of propellant. 
Any desired ratio of power to thrust or 
thrust to flow rate can be attained for any 
propellant material by selecting the acceler- 
ating voltage accordingly. The reason for 
selecting a heavy ion is best illustrated by 
Fig. 6, which shows that less current is 
required for a given flow rate with heavy 
ions, thus minimizing space charge prob- 
lems. 

Very general analyses of propulsion me- 
chanics made by D. B. Langmuir and J. H. 
Irving of Ramo-Wooldridge have shown 
that minimization of initial gross mass 
depends only upon proper choice of exhaust 
velocity and ratio of power plant mass to 
propellant mass. Since the optimum ex- 
haust velocity can be attained with any 
propellant material by proper selection of 
accelerating voltage, it is not clear why the 


author’s weight analysis table implies a 
weight penalty for the use of cesium, espe- 
cially when cesium tends to have fewer prob- 
lems with space charge. It might also be 
pointed out that the afore-mentioned analy- 
ses show that when a 20,000-lb vehicle has a 
payload of 3,000 Ib, then the optimum allo- 
cation of the remaining weight is about 
12,500 lb of propellant and 4,500 lb for the 
power plant. The author’s choice of 3,000 
Ib of propellant thus appears to be somewhat 
removed from optimum. 

The source and derivation of Fig. 8 are 
not clear. It seems likely that the specific 
values shown are for some specific configura- 
tion, rather than having general applica- 
bility. Consequently, it does not appear 
that 12,000 volts is necessarily the minimum 
practical voltage, irrespective of electrode 
shape or spacing. Clarification of this point 
by the author would be appreciated. Also, 
it would be of value to have a further dis- 
cussion of what is meant by electrical break- 
down of the ion stream in a strong field, 
since it is not clear how already ionized gas 
would break down. 


Mr. Stineman raises some 
noteworthy points. Certainly the elec- 
trical-mechanical efficiency conversions 
would have to be considered as he suggests. 
They were not specifically mentioned in the 
paper because they are strongly dependent 
on the specific mission, which was not 
treated. Even so, the efficiency of conver- 
sion was taken into account in the analysis. 
It was taken to be approximately 80% with 
an additional 5% loss due to other items 
such as line losses, etc. 

My usage of g should have been more cor- 
rectly identified as the gravitational con- 
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stant which, as Mr. Stineman states, hap- ° 


pens to be the sea-level acceleration of 
gravity. 

I must take exception to the remarks on 
the allocation of weights. Granting that 
propulsion mechanics may dictate optimum 
performance, one must nevertheless consider 
the practical aspects of the system design. 


Since the aggregate weight of the n 
power plant plus controls, instrument 
associated transformation equipment, 
structure, and a host of other items amo 
to 14,000 lb, 50% of the remaining we 
(6,000 lbs) was reserved for payload. | 
instead of 20,000 lbs, the boost capabilii 
within the time limit was increased — 
100,000 lbs, then one could reasonab! 
crease the propellant fraction to the a 
dictated by theoretical propulsion mechanig 
Here again optimum performance must 4 
related to a specific mission. Since no mf 
sion was specified, we may consider that 
vehicle is designed for rocket test pur 
Anderson and Ehlers! have cond 
experiments whereby one may esta 
preliminary estimates of the minimum) 
age required for accelerating heavy 
In the paper the ion beam passed throu 
electrode with a slotted aperture whic 
designed to satisfy Pierce’s cond 
Phenomenologically the events were bi 
summarized in my paper, however, fur 
details may be obtained from referene 
and 2. | 
Finally, singly ionized cesium atoms tm 
be ionized doubly, triply, and so on, urd 
eventually all of the orbital electrons 
removed from the atom. However, ‘| 
term ‘‘breakdown of the field”’ implies son! 
thing else, namely: as the field stren: 
continously increased, electrons are dr 
from the loosely bound conduction ele 
of the accelerator; also, other mecha 
such as secondary electron emission, 
ionic emission, etc., may cause ele 
to enter the ion stream, thereby crea 
conduction path resulting in flashove 
breakdown, of the accelerating field. 
ther details may be found in reference 3.} 
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Optimum Reflector-Absorber Geometry 


for a Solar Generator 


R. W. STINEMAN 


ASSOCIATE MEMBER AIEE 


S AN initial step toward the eventual 
realization of a completely static 
system for converting solar radiation to 
electric power, the analysis and testing of 
a laboratory thermoelectric generator has 
been undertaken. A description of the 
over-all project is given in reference 1. 
An essential part of the over-all system is 
the combination of reflector and absorber 
used to collect and concentrate the solar 
radiation. This paper deals with the geo- 
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metrical optimization of the reflector and 
absorber. 

The elements of a power-conversion 
system must be treated somewhat differ- 
ently from the analogous parts of a solar 
furnace. These differences arise from the 
following considerations: 


1. The reflector and absorber in a power- 
conversion system must collect and trans- 
mit solar energy to the generating elements 
with an acceptable efficiency. Any re- 


Stineman—Solar Generator Optimum Reflector-A bsorber Geometry 


flected energy which does not impinge § 
the absorber, or which is reflected 
radiated from the absorber, must b 
sidered as loss in the determinati 
efficiency. In contrast, a solar f 
operates (in the foregoing sense) at 2 
efficiency, with maximum absorber 
perature being the prime objective. 


2. Since the study of a power-conv 
system is directed toward an ul 
installation on a space vehicle, it is r 
able to assume that irregularities 1 
reflector surface and misalignment of 
reflector (with respect to the sun) DY 
cause the reflected rays to deviate from J 
ideal. On the other hand, most 
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-1. Basic reflector and absorber geometry 


mace analyses have assumed a 
anically perfect reflector.2~5 


me- 


finition of the Problem 


Briefly stated, the problem under con- 
eration is to find the geometrical prop- 
ies of the reflector and absorber which 
sult in the most efficient collection of 
ar radiation for any given set of condi- 
ms. Collection efficiency is defined as 
fined as follows: 


Net power absorbed 
Solar power intercepted 


ficiency = 


Net absorption” refers to the power 
ailable for useful purposes after ac- 
noting for all losses, such as reradiation 
bm the absorber surface. ‘‘Solar power 
ercepted” refers to all solar radiation 
ected toward the area enclosed by the 
rimeter of the reflector, regardless of 
nether such radiation actually reaches 
reflector or is intercepted by an 
struction. The variables which enter 
0 the determination of efficiency are 
w discussed. 


ape. At present, analysis has been 
nfined to the cylindrical shapes shown 
eross section in Fig. 1. The reflector is 
parabolic cylinder. Three different 
sorber shapes are considered. The 
absorber has the advantage of mini- 
im reradiating area for a given width. 
e circular cylindrical absorbers (espe- 
Ily the convex type) are more suited 
an the flat absorber for receiving radia- 
nfrom a wide-angle reflector; i.e., when 
pb angle ¢ shown in Fig. 1 is large. 


Reflector diameter, d. With increas- 
‘ reflector diameter, more radiation is 
lected but the reflected rays approach 
> absorber from a wider angle. 


Tolerance on reflected rays, 6. As the 
It of manufacturing irregularities in 
b slope of a reflector and misalignment 
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of the reflector-absorber assembly with 
respect to the sun, any given reflected ray 
may deviate from its ideal direction by an 
angular tolerance equal to +5. It may 
be noted that a manufacturing irregularity 
which produces a given angular perturba- 
tion of the reflector surface will cause the 
reflected ray to deviate by twice as great 
an angle. On the other hand, misalign- 
ment of the assembly by a given angle will 
cause a reflected ray to deviate by an 
equal angle (relative to the absorber), 
since any misalignment results in a par- 
tially compensating relative rotation of 
the reflector and absorber. Linear (as 
opposed to angular) manufacturing irreg- 
ularities are disregarded, since their 
effects would be negligible compared with 
angular irregularities. 


Maximum allowable angle of incidence 
at absorber, y. Certain selective ab- 
sorbing surfaces, to be discussed later 
in more detail, require for efficient per- 
formance that radiation be incident some- 
where near perpendicular to the surface. 
The angle y is the maximum allowable 
deviation from perpendicular. 


Absorber width, a. The minimum ab- 
sorber width which will intercept all of the 
reflected radiation with an acceptable 
angle of incidence depends on all of the 
previously discussed variables; i.e., ab- 
sorber shape, d, 6,and y. If all variables 
but d remain fixed, then as d increases, 
a must also increase. The increase in d 
increases the amount of solar radiation 
being collected, but the corresponding in- 
crease in a results in increasing losses. If 
a point is reached where the losses in- 
crease proportionately faster than the 
radiation collected, then an optimum con- 
dition will be reached. Subsequent anal- 
ysis will show that such an optimum does 
exist at which efficiency is maximized. 


Absorber depth, b. The shape of a 
circular cylindrical absorber may be 
quantitatively specified by means of the 
distance 6, shownin Fig. 1. Large values 
of b are most suitable for wide-angle re- 
flectors. Subsequent analyses employ the 
ratio b/a, rather than 0 alone. 


Reflector focal length, f. By express- 
ing the other lengths shown in Fig. 1 in 
terms of a ratio of f, the focal length is 
eliminated as an explicit variable. Thisis 
essentially the same as fixing f at a value 
of 1 unit. If the other lengths remain at 
fixed proportions of f and f varies, then 
both the net power absorbed and solar 
power intercepted will vary proportion- 
ately, and efficiency will be unchanged. 
Thus, the efficiency obtained is valid for 
any value of f. 
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Corrected solar radiation intensity, I- 
The intensity of solar radiation is the 
power-per-unit area normal to the sun’s 
rays. The intensity after reflection is 
somewhat reduced since no reflector is 
perfect. However, for purposes of anal- 
ysis, it is acceptable to assume a perfect 
reflector and to reduce the value of the 
intensity to account for the actual reflec- 
tivity. Thus, corrected intensity, J, repre- 
sents the actual solar intensity multiplied 
by the specular reflectivity of the reflector. 
Since the corrected intensity is used in the 
determination of solar power intercepted, 
the calculated efficiencies do not include 
any effect due to losses at the reflector. 


Absorber temperature, T. The anal- 
ysis is performed in terms of a specified 
absorber temperature, rather than finding 
the temperature for a specified configura- 
tion, both for ease of analysis and be- 
cause the requirements of the generating 
elements will usually require a specified 
input temperature. Since reradiation 
losses from the absorber depend on its 
temperature, it may turn out for a given 
set of conditions that the net power ab- 
sorption is negative. This would simply 
mean that the specified absorber tempera- 
ture is not realizable with the other 
given conditions, even at zero efficiency. 
It is apparent that the absorber tempera- 
ture is not entirely arbitrary, but must be 
kept within reasonable bounds in order 
to obtain realistic results. 


Selectively absorbing surfaces. Sev- 
eral publications have described develop- 
ments of surfaces which are good absorbers 
of wavelengths in the high-energy part 
of the solar spectrum, but are poor 
emitters in the high-energy part of the 
infrared radiation spectrum characteristic 
of bodies at moderately elevated tempera- 
tures.°~® For such surfaces, the over-all 
effective absorptivity for solar radiation 
is denoted a, while the over-all effective 
emissivity at the specified absorber 
temperature is denoted e. 


Analysis and Results 


Details of the method of analysis are 
given in the Appendix. The required 
calculations are not complex. However, 
the number of variables is such that 
several dozen cases must be considered to 
even roughly determine the effects of 
all variations. Consequently, it was 
economical to execute the calculations on 
an IBM (International Business Machines 
Corporation) 704 digital computer. De- 
tails of the computer program are “not 
given, but should be obvious to any 
reader with computer experience. The 
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Fig. 2 (left), 300 


essential nature of the analysis is out- 
lined as: 


1. The radiation reflected from an element 
of the cylindrical reflector falls within a 
wedge having an angular width which 
exceeds the angular diameter of the sun by 
26, where 6 is the angular tolerance of 
reflected rays. Assuming the radiation to 
be uniformly distributed within the de- 
scribed wedge, it can readily be shown that 
collection efficiency is maximum if the 
absorber is just large enough to intercept 
all of the reflected radiation. The ratio 
a to f (see Fig. 1) can then be determined 
as a function of d/f if the absorber shape 
and the angles 6 and y (see preceding 
section) are specified. Curves of a/f versus 
d/f are shown in Fig. 2 for typical values 
of 6 and y. 


2. The solar power intercepted for unit 
length (1 foot) perpendicular to the plane 
of Fig. 1, is the product of J and d, which, 
when expressed per unit (pu) focal length, 
becomes Jd/f. The solar power reaching 
the reflector and subsequently impinging 
upon the absorber is somewhat less because 
some of the radiation is blocked by the 
power-conversion equipment installed ad- 
jacent to the absorber. The width so 
blocked is assumed to be equal to the 
absorber width. 


8. After obtaining the radiation impinging 
upon the absorber, multiplying by the 
absorptivity, a, and subtracting the re- 
radiation loss yields the net power absorp- 
tion. Then dividing by the solar power 
intercepted gives the collection efficiency. 
Curves of net power absorbed versus d/f for 
a typical condition are shown in Fig. 3. 
Fig. 4 shows curves of collection efficiency 
versus d/f for the same condition as Fig. 3. 
The efficiency is independent of the focal 
length, f, and the distance perpendicular 
to the plane of Fig. 1. 


SELECTIVE SURFACES 


In all cases investigated, the use of a 
selectively absorbing surface resulted in 
higher efficiency than with a black surface. 
For example, with all conditions the same 
as in Fig. 4 except for changing the ab- 
sorber surface to black (i.e., a=e=1.0), 
the maximum efficiency is only 0.07 pu. 
(As is shown in the Appendix, a black 
absorber is superior to any other surface 
with constant emissivity.) The super- 
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absorption versus 
reflector diameter 


iority of selective surfaces undoubtedly 
stems from the use of a cylindrical con- 
figuration, which results in a larger ab- 
sorber area and hence larger reradiation 
loss, than the more common para- 
boloidal or spherical reflectors. Setting 
a=0.8 and e=0.2 provides a slightly con- 
servative representation of the best selec- 
tive surfaces, and these values are used 
throughout this paper except where stated 
otherwise.8~® It may be noted that for 
the values chosen, collection efficiency can 
not exceed 0.8 pu, except possibly with a 
concave absorber where the cavity effect 
produces a slight increase in equivalent 
absorptivity. Evaluation of any ge- 
ometry should compare actual efficiency 
with this 0.8 pu limit. 


ABSORBER SHAPE 


Other conditions being equal, the collec- 
tion efficiency attainable with a flat or 
concave absorber is generally greater 
than the efficiency for a convex absorber. 
However, for conditions which result in 
high efficiency, the difference in maximum 
efficiency for the several shapes becomes 
very small. Since most practical applica- 
tions would, by necessity, operate at high 
efficiency, the choice of absorber shape 
may be based on practical factors rather 
than efficiency. Fig. 5 shows the varia- 
tion in efficiency with shape, for the same 
conditions as in Figs. 3 and 4, 

The efficiency of a concave absorber 
may be either greater or less than a flat 
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Fig. 4. Typical variation of 
collection efficiency versus 
reflector diameter 


|=90 watts/sq ft 
5=0.75 degree 
i= O00F 

7 =70 degrees 
a=0.8 

e«=0.2 
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absorber depending on the relative is 
portance of reflection loss and reradiatil 
loss. The cavity effect for a coneas 
absorber increases the effective values § 
both a and «. If reflection loss is ] Dy 
dominate, then the increased absorp 
results in higher efficiency for the cone 
absorber. If reradiation loss is pre 
inate, then the increased emission re 
in lower efficiency for the cone 
absorber. This is illustrated ie 
curves in Fig. 6, where as ten tut} 
increases, the reradiation loss tend 
predominate. However, it is evi 
that the difference in efficiency bet 
flat and concave absorbers is small at ¢} 
high efficiencies. 


REFLECTOR DIAMETER 


The reflector diameter which rest} 
in maximum efficiency depends on 
absorber shape. Typical values 
optimum ratio of diameter to focal le 
are shown in Fig. 5. It turned out fod 
wide variety of cases investigated 
the optimum value of d/f for flat or n 
flat absorbers is very nearly equal te 
For absorbers with relatively large 
of b/a, there is more variation it 
optimum value of d/f, but in no case 4 
the optimum differ from the curve it 
5 by more than 50%. Furthermore, 
value of d/f becomes less critical as | 
increases, as is shown by the 1 
maxima of the curves in Fig. 4 for lay 
b/a. 


CONCAVE: 


i 


5. Maximum collection efficiency and 

ctor diameter at which maximum efficiency 

rs versus absorber shape ratio. See 
Fig. 4 for specified conditions 


b/a>0, convex absorber 
b/a=0O, flat absorber 
b/a<0, concave absorber 


S5|ORBER TEMPERATURE 


ince radiation from a surface is pro- 
tional to the fourth power of tempera- 
>, the reradiation losses increase as 
orber temperature increases. The re- 
ing drop in efficiency is shown in Fig. 


ERANCE ON REFLECTED Rays 


he larger the tolerance, 6, the larger 
st be the absorber to intercept all 
ected rays. Since reradiation losses 
proportional to absorber area, a 
er value of 6 results in a smaller collec- 
efficiency. Stated another way, 
maximum absorber temperature that 
be attained without dropping below 
minimum acceptable efficiency de- 
upon the value of 6. For the 
ditions in Fig. 6, an efficiency of 
pu can be realized at a temperature 
1,450 F if 6=0.1 degree, while a 
ature of only 980 F can be realized 
he same conditions if 6=0.75 degree. 


um ALLOWABLE ANGLE OF 
ICIDENCE AT ABSORBER 


or cylindrical absorbers, either con- 
or concave, a small value of the angle 
as the result that only the central 
ion of the absorber visible from any 
ticular direction is effective for ab- 
tion. Thus for small values of 7, 
total absorber area increases, and the 
ting increase in reradiation losses 
s lower collection efficiency. This 
t is illustrated in Fig. 6 for a concave 
ber. 
wr a flat absorber, the value of y has 
lirect effect on the absorber width a. 
yever, the reflector diameter is limited 
value such that the angle ¢ in Fig. 1 
not exceed y. For a flat absorber, 
yptimum value of ¢ is very nearly 
1 to 45 degrees. Thus, if y is less 
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Fig. 6. Maximum col- 
lection efficiency versus 
absorber temperature 
for flat and concave 
absorbers 


6=tolerance on re- 
flected rays 

y=maximum allowable 

angle of incidence at 
absorber 


EFFICIENCY, PER UNIT 


than 45 degrees, the reflector diameter 
must be less than what would otherwise 
be optimum. However, as shown in Fig. 
6, the decrease in efficiency is small even 
for y as low as 30 degrees. 


CORRECTED SOLAR RADIATION 
INTENSITY 


Any variation in solar intensity results 
in a corresponding variation in the power 
impinging upon the absorber, yet re- 
radiation losses remain the same. Con- 
sequently, a reduction in solar intensity 
causes a drop in collection efficiency. The 
solar intensity outside the earth’s at- 
mosphere is 126 watts/sq ft, while the 
intensity at the earth’s surface at noon 
on a bright clear summer day in the 
United States is about 85 watts/sq ft.” 
Since the corrected value used in the anal- 
ysis includes the effect of imperfect reflec- 
tion, it is apparent that the value of 90 
watts/sq ft used for Figs. 3 through 6 is 
a little low for space applications and is 
a little high for surface installations. 
However, at high efficiencies, where ab- 
sorber reflection losses exceed reradiation 
losses, only small changes in efficiency 
result from moderate variations in solar 
intensity. For example, for the same 
condition as in Figs. 3 through 5, except 
using corrected intensities of 70 and 115 
watts/sq ft, the maximum efficiencies are 
0.54 and 0.64 pu, respectively. 


FuTURE ANALYSIS 


All of the foregoing results are, of course, 
applicable to the cylindrical configura- 
tion of Fig. 1 only. It is expected that 
future requirements will result in extend- 
ing the analysis to other configurations, 
such as a paraboloidal (cup-shaped) re- 
flector with a circular or spherical ab- 
sorber. The general method of analysis 
will be the same as described in this paper. 
However, the results for other configura- 
tions may be quite different. It is hoped 
that the results of subsequent analyses 
can be published in the not too distant 
future. 
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Conclusions 


The important conclusions that can 
be drawn for the cylindrical configuration 
of Fig. 1 are as follows: 


1. An absorber surface having high ab- 
sorptivity for solar radiation and low 
emissivity in the infrared region results in 
significantly higher collection efficiency 
than with a nonselective surface. 


2. In most cases of practical significance, 
collection efficiency does not depend to 
any great significance upon absorber shape. 
However, for each absorber shape there is 
an optimum ratio of reflector diameter to 
focal length which results in maximum 
efficiency. For flat or nearly flat absorbers, 
the optimum ratio of diameter to focal 
length is close to 5 to 8. For the more 
nearly circular absorbers, the optimum 
ratio is generally greater than 5 to 3, is 
more variable with changes in other condi- 
tions, but is less critical because of a broad 
maximum. 


8. The absorber temperature range that 
can be attained with reasonably high 
collection efficiency depends on the accuracy 
of manufacture and alignment of the re- 
flector. Relatively high precision is re- 
quired for absorber temperatures in the 
range of 1,200 to 1,500 F, while moderate 
errors can be tolerated below 1,000 F. 


4. Moderate variations in solar intensity 
and in the maximum allowable angle of 
incidence at the absorber have relatively 
minor effects upon maximum attainable 
collection efficiencies. 


Appendix. Methods of 


Calculation 


Calculations are based on the geometry 
of Fig. 1, and, where applicable, assume 
unit length perpendicular to the plane of 
Fig. 1. All angles are expressed in degrees. 
Symbols used are those discussed under 
“Definition of the Problem’ plus the 
following: 


¢@ and 6=angles shown in Fig. 1 

@=angular diameter of the sun, approxi- 
mately 32 minutes 

r=distance from an edge of the reflector to 
the focal point 

c¢=projection, normal to the length 7, of 
that portion of the absorber width 
which is effective in absorbing rays 
parallel to r 
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o=Stefan-Boltzmann constant 

P=net power absorbed per-unit length 
perpendicular to the plane of Fig. 1 

x and {= rectangular co-ordinates with 
origin at the center of the reflector 
and the y-axis passing through the 
focal point 


The reflected rays from each element of 
the reflector fall within a wedge depending 
on the angular diameter of the sun and the 
tolerance 5. If radiation is assumed to be 
uniformly distributed within each wedge, 
and if absorber losses are less than the 
power incident upon the absorber, then if 
any reflected radiation misses the absorber 
the escaping radiation will exceed the losses 
which would be incurred by increasing the 
size of the absorber. On the other hand, 
if the absorber is larger than necessary for 
the interception of all reflected rays, then 
the absorber losses will be larger than 
necessary. In either case, the collection 
efficiency will suffer. The optimum size 
absorber is just big enough to intercept 
all reflected rays. The critical condition 
which establishes the size of the absorber 
is the wedge of reflected rays from the edge 
of the reflector. This particular wedge 
travels farthest to reach the absorker, thus 
spreading out the most, and strikes the 
absorber at least as obliquely as any other 
wedge. 

The equation of the parabolic section is 


The distance from the focal point to a 
point on the reflector is given by: 


Vx2+(f-yP=f+y 
from which 

da? 
r= 6p 


Dividing by f to convert to dimensionless 
ratios yields 


rant (“) 
fieronib\é 


An expression for ¢@ which is convenient for 
execution on a digital computer is 


d? 


=90°—tan7! (7 <) 
d 8&f 


The remaining calculations depend on the 
shape of the absorber. 


Flat Absorber 


The ratio of d to f is limited by the re- 
striction that @ZyZ90 degrees. This 
restriction assures that the maximum angle 
of incidence at the absorber does not 
exceed y. Next, c=a cos ¢, or ¢c/f=a/f 
cos ¢. Since @ and 6 are both very small, 


180 degrees _ 180 c 


aw radians wr Yr 


B+265= radians 
r 


Solving for the ratio of absorber width to 
focal length: 
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a Cc 7 r B+26 
f ~ f cos é ~ 180 f cos ¢ 


Solar power intercepter pu focal length is 
Id/f. The unobstructed portion which 
reaches the reflector and is then reflected 
to the absorber is given by 


The net absorted power pu focal length is 
then 


P wal($—2) ~<orf 
dj: ee if 


Finally, 
Pit a\ ecl*a 
= (oS SS 
Efficiency = Ta/f =( ‘) Tea 


Concave Absorber 


The best match between absorber and 
reflector is obtained with 0=¢+v7y with the 
restriction that @Z90 degrees. Then: 


If ¢+72Z90 degrees, then 
a vr B+26 


a Wa aie ploy 
f fsiny 180 f sin y 


If ¢+7>90 degrees, but with ¢<90 degrees, 
then 


a 4 B+26 


a Cc 


f fcosde 180 f cos @ 


@ can not exceed 90 degrees. If it did, 
rays from the edge of the mirror could not 
reach the absorbing surface. 

The cavity effect for the concave absorber 
causes the effective values of absorptivity 
and emissivity to increase. The following 
expressions are readily derived, where the 
effective values are denoted by primes: 


a 0 90—+y 
180 sin@ 90++7 
LA — ee 
ae) 180 
Sai TART OS ee is eames a a od 
180 sin 6 90+y7 
fe See eee 
180 sin @ 
e+— rages —e) 
Tv 
Then 
PB, : (3 *) eT 
Pres Pa a ee LO = 
f tee if 
and 


: Pi a\ eé'oT4 a 
Efi ee Ce fe ie, a 
ciency Ta/p-* ( ‘) Fee 


Stineman—Solar Generator Optimum Reflector-A bsorber Geometry 


f= at( 4 
Patelg 


For any selected value of b/a, ~ ; 


6=90-+tan™ 20-2) | i 
= j—=- i 
a a i 


where this expression is well adapted 
execution on a digital computer. 


As before: i 
Perr ticane 
If 180 degrees—0—¢>y, 

a Gah % r B+26 


if ~ f sin y 180 f sin y 


If 180 degrees—9+¢>y>180 degrees y 
0 —?, 


G6 ee 
Feat sin y+sin (180°—@—@) j 
mt? B+25 


a_¢ 2 


not exceed y; if it did, rays from the | 
of the reflector could not reach the abse 
surface at an angle of anetdence less than 5 
If 6Z90 degrees, ; 


“)- a (| 
7) eo l “7 130) f 


If 6>90 degrees, 


= JE (¢ i ) T* (: we 
j a e eol “r\ 180 
Finally, 
Efficiency Uf Sea 

Taff et. 


Nonselective Absorber Surface 


For the special case where a=e, 
apparent for all absorber shapes that 
various expressions for net absorbed pow 
all reduce to the form P/f=eK, where 
is independent of e«. It is thus obvi 
that the greatest net absorption will ¢ 
if a=e=1.0; i., a black absorbing su 
is better than any other nonsele 
surface. 
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nopsis: The principle of nonlinear op- 
Mim response control has found a new 
unique application in the develop- 
nt of a standard controller. The transis- 
ized controller can work in a great 
iety of feedback systems because it has 
igible time delay. Optimum response 
a specified step input can be obtained very 
ily by experiment because linear switch- 
is used. The response is still nearly 
imum when the input is not of the 
cified form and magnitude, or when 
system parameters change with environ- 
mtal variations. Solution of practical 
blems in the development are discussed 
the paper. A mathematical proof is 
en to show that optimum response to a 
cified step input, for the systems under 
sideration, can always be obtained with 
switching. 


& 


HE PRESENT METHODS of de- 
signing practical control systems leave 
ch to be desired insofar as engineering 
le is concerned. In most cases, the 
mpensation networks and at least one 
he control amplifiers are custom-made 
meet individual system specifications. 
hough systems designed in this manner 
e fairly satisfactory results, two 
estions are ever present: 


Is this the best system which can be 
duced for the material cost involved, i.e., 
here maximum utilization of all com- 
ents? 


Is there a possibility of producing one 
troller, amplifier and compensation in- 
ded in one package, which will be 
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A Practical Standard Transistorized 
Optimum Response Controller 


D. R. LITTLE 


ASSOCIATE MEMBER AIEE 


applicable in a wide range of systems instead 
of designing a special controller for each 
system? 


Hitherto, no controller appears to have 
been designed which will answer both 
questions. It has been proved analyti- 
cally that for second order systems, i.e., 
systems of two time constants, the best 
transient response for a given available 
forcing can be obtained by using an ideal 
on-off amplifier with a nonlinear function 
generator, the so-called bang-bang con- 
trol.~* In other words, this leads to 
minimization of necessary forcing to 
meet certain specifications on recovery 
time, and, in general, minimum forcing 
means minimum material cost for the 
controller. Thus, this would seem to be 
an answer to the first question above. 
However, the use of a nonlinear function 
generator is objectionable. Moreover, 
an ideal on-off amplifier remains to be 
developed. As to the second question, 
a number of attempts have been made to 
develop some form of a standard con- 
troller which is more than just a standard 
amplifier, to be used in a great variety of 
control systems. Of these, most, if not 
all, have been designed from the stand- 
point of linear theory and, although some 
have succeeded in insuring adequate 
control under small disturbances,*:* none 
have yet been developed which can pro- 
vide nearly optimum control under large 
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ments of compensation networks in these 
controllers are complicated and require 
the engineering judgment or calculation 
of experienced personnel. 

The new controller described in this 
paper is the result of an attempt to realize 
a practical controller which would answer 
both of the questions mentioned above. 
Since the on-off type of operation pro- 
duces the best transient response, it was 
decided to devise a practical on-off type 
of standard controller without resort- 
ing to complicated circuitry. This then 
would guarantee the realization of maxi- 
mum utilization of components, at least 
under the condition of worst system 
disturbance when maximum utilization 
of components is most desired. It was 
also determined that the controller should 
be able to control many different systems ~ 
with relatively few adjustments. The 
controller was to be astandard controller 
in the strictest sense; that is, even an 
inexperienced technician can obtain the 
best system performance with the few 
adjustments provided by the controller. 
Naturally, such a controller has many 
advantages. Not only is the mass pro- 
duction of such controllers and the maxi- 
mum utilization of components feasible, 
but the design engineering and construc- 
tion time can be reduced to a bare mini- 
mum. 


Optimum Response 


Let us review briefly the idea of non- 
linear optimum response control before 
we extend it to the development of a 
standard controller. Fig. 1 shows a 
nonlinear optimum response system with 
a second-order overdamped controlled 
element, the type most commonly en- 
countered in industrial applications. 


disturbances. Furthermore, the adjust- The positive and negative forcings of the 
CONTROLLER 
DISTURBANCE 
REFERENCE 
OUTPUT 
ON = OFF CONTROLLED 
AMPLIFIER ELEMENT 
NONLINEAR SWITCHING 
; GENERATOR 
Fig. 1. On-off DIFFERENTIATOR 
control system 
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ERROR 
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FORCING 


F 
fj TIME 
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Fig. 2. Transients 


A—Under ideal switching 
B—When first switching is too late 
C—When first switching is too early 
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on-off amplifier are tnsymmetrical in the 
general case. Thus, the case of a single- 
ended amplifier is definitely included. 
In this control system, if a proper non- 
linear switching curve is used to deter- 
mine when to switch from positive to 
negative forcing, then the graph of the 
reference step input, the error, and the 
forcing with respect to time is shown in 
Fig. 2(A). These curves will then de- 
scribe the so-called “optimum” case 
where é; denotes the time at which forcing 
was switched from full positive to full 
negative and ¢, when forcing is switched to 
a value just sufficient to maintain the 
desired output. In the controller scheme 
shown, the actual system will jitter at a 
very high frequency under steady state, 
and the durations of positive and negative 
controller output are so proportioned that 
zero error is maintained. It has been 
shown mathematically that the optimum 
case described corresponds indeed to 
minimum time for the system error to 
reach and remain zero subject to the 
constraint of the given maximum availa- 
ble forcing of the controller.? If the 
switching time, 4, is too late, then the 
curves of Fig. 2(B) describe the behavior 
of the system. When the switching time, 
ti, is too early the curves of Fig. 2(C) 
characterize the system behavior. In 
either case, the response time is longer 
than that in the optimum case shown in 
Fig. 2(A). 

A frequently used example to illustrate 
the optimum response principle is that 
the quickest way to race an automobile 
from one stop light to another is to press 
down the accelerator to the floor and hold 
it there for a critical period of time and 


then to apply full braking. In this 


manner, an automobile can beat another 
with a more powerful engine but not 
using full power and braking during the 
race. 


MATHEMATICAL DESCRIPTION 


The performance of the optimum 
system in Fig. 1 can be described quanti- 
tatively in a phase plane plot of the first 
derivate of the error é versus the error e. 
From Fig. 1 we can derive the following 
expression: 


TT. €+(M4+T2) é+c=Kf 


where 7, and T,=time constants of the 
controlled element, assumed to be posi- 


tive real numbers, or overdamped, and 
Li<elion 


K=gain of the controlled element 
c=system output 
= F>0 for positive forcing 


f|=F’<0 for negative forcing 


TiTeé-+ (Trt Tiebe= Kr 


SY é 
a 
aN 
f- n ~—S 
ia -+KF +r 
‘-KF +r [ cine a 
Slane R 
i 
3¢ BN 
\ 5, SLOW _ 
\ \ / EIGENVE 
\ 4 
N 
FAST = 
EIGENVECTO™ 


Fig. 3. Phase-plane trajectories of the | 
_ on-off system 


Referring again to the closed loop syst; 
of Fig. 1 and assuming that the refe: 1 
input ry is a step function (ie., r is 
constant during the system transi 9 
then 

e=r—c 
é=—6é 


é=—é 


so that 


where 

Ki=—Kf+tr 
The general solution of equation 1 is | 
e=Ae WT14Be U724K, 


where the constants A and B depe 
the initial conditions and e is be 
natural logarithms. | 
We then find the derivative of | 
error to be f 


A B 
6=— eo Sen 
1 2 


Eliminating ¢ from equations 2 am 
yields 
(e— Ki) +Txé | 


Ty ln —————— =f; 
: A(1—T2/T;) 4 


(e—Ki)+7 
B(1—T;/T2)) 


= 


which describes the trajectories 
phase plane. A few trajectories, 
corresponding to a different set of va 
of A and B are shown in Fig. 3. | 
solid curves are indicative of posi 
forcing and the dash curves of ne vi 
forcing. The arrows indicate the 
tion taken by the operating poin 
increasing time. 

It is important to point out the 
trajectories near the nodes (Ki, 0) 
proach asymptotically to the slow 
vector with an absolute slope eq 
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2, and those far away from the nodes 
rge asymptotically from the fast 
nvector with an absolute slope equal 


/Ti. 
TCHING CURVE 


uppose a step input R is initiated in 
reference r such that e=R and é=0 
ally. If, as the result of this condi- 
bs positive forcing is initiated, the 
rating point will move along curve m 
, unless switching occurs at point P, 
operating point will move towards and 
atually reach the point (—KF-t+r, 0) 
g path g. However, if at point P 
System switches from full positive 
ing to full negative forcing, the 
ating point will follow path n into the 
in. The system will come to rest at 
origin; that is, the error and the 
ative of error are zero simultaneously 
om this time on, the average output 
he controller is just enough to main- 
the output at its desired level. If 
system is switched at any point other 
a point P, the operating point will not 
able to reach the origin without 
ching at least once more since the 
ye is the only negative forcing curve 
sing through the origin. If the initial 
is negative and places the operating 
it at R’, then a similar case exists 
e P’ is the switching point and n’ is 
curve passing through the origin. 
e the negative forcing period precedes 
positive forcing period. 

nce a wide range of positive step 
bances are possible and since it is 
rable to come into the origin via the 
re n, it is apparent that the switching 
positive to negative forcing must 
r when the path of the operating 
t intersects curve n. Similarly, for 
case of a negative step the curve n’ 
he path that should be followed into 
origin. Hence, the combined curves 
should be the so-called ‘‘switching 
re.” This means that when the 
ating point is to the right of the 
ching curve, positive forcing should 
employed, and to the left negative 


EoutT 


Ro I+R)CS 
R) +Ro 2 Ri Ro 5 
R; +Ro c 


Fig. 4. Derivative network 
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forcing should be employed in order to 
accomplish optimum response in all 
cases. One way to achieve the switching 
curve is indicated in Fig. 1 by the blocks 
between the error and the ideal on-off 
amplifier. 


Solving the Practical Difficulties 


The optimum response system de- 
scribed has attracted the interest of many 
engineers and scientists in the field of 
advanced control development, as is evi- 
denced by the large number of recent 
technical papers on this subject. How- 
ever, the system has not been used ex- 
tensively in practice so far. One may 
summarize the doubts about the practi- 
calities of such a system as follows: 


1. Thesystem response is optimum for only 
step and ramp inputs or disturbances. 


2. The controlled element may not be 
linear, second order, and overdamped, as 
assumed in the foregoing analysis. 


3. Pure differentiation of error assumed in 
the analysis is difficult to achieve and tends 
to accentuate noise. 


4. The high-frequency jittering of the on- 
off amplifier may cause intolerable ripple 
in the output signal. 


5. The ideal on-off amplifier may be diffi- 
cult to approach with practical circuits. 


6. The nonlinear function generator, shown 
in Fig. 1, used in such a system is objection- 
able from the standpoints of cost and ad- 
justability. 


7. The optimum response may be critically 
affected by changes of system parameters 
due to load or environmental variations. 


These doubts are quite reasonable for 
one who has had extensive practical 
experience in developing control systems. 
The remaining part of this report will 
explain how the practical difficulties are 
overcome or circumvented. Here are the 
point-to-point answers to the objections 
listed above: 


1. The worst input and disturbance to 
many control systems are actually in the 
form of a step or ramp. In fact, most in- 
dustrial control systems are specified in 
terms of such inputs. 


2. Most industrial control systems are 
higher than second order mainly because of 
the appreciable time delay attributed to 
the power amplifiers and the compensation 
networks. If the ideal on-off amplifier can 
provide sufficient control power for the 
output element without any significant time 
delay and no compensation other than that 
in the standard configuration given in Fig. 1 
is used, most system controlled elements are 
essentially second order and overdamped. 
For example, the time constants of the 
exciter and of the generator are the essential 
delays in a voltage regulating system, and 
the time constants of the generator and of 
the motor are the essential delays in a speed 


control system. As to the effects of slight 
nonlinearities in the controlled elements, 
they are best determined by an analog 
computer. 


8. Of course, pure differentiation is not 
feasible to achieve in practice. However, 
it can certainly be approximated by a simple 
resistance-capacitance (RC) network, such 
as given in Fig. 4. The small time lag in 
this derivative network as well as the large 
time delays in the controlled element should 
tend to alleviate the problem of high- 
frequency noise. 


4. The output elements, because of their 
inherent time delays, should serve as low- 
pass filters to attenuate the jittering in the 
on-off amplifier output under steady state. 
As long as the jittering frequency is high 
enough, the ripple in the system output 
signal should not be discernible. This is 
true in the same sense that periodic output 
waveforms of stich devices as magnetic 
amplifiers and thyratrons do not catise 
discernible ripple in the system output. 
Furthermore, the jittering of the on-off 
amplifier can be avoided if the on-off ampli- 
fier is allowed to have a narrow linear range 
and provided that the system is stable within 
this linear range. 


5. Most on-off amplifiers which have been 
considered in the literature to achieve 
optimum system response are electro- 
mechanical relays. Their wear and tear, 
appreciable switching time, and hysteresis 
characteristics make their use in control sys- 
tems very undesirable. The problem can be 
circumvented if transistors are used as the 
basic components of the amplifier. The 
requirements of the on-off amplifier will be 
discussed later in a separate section. 


6, 7. These problems are dealt with in the 
next section. 


Linear Switching 


To avoid the cost and the inflexibility 
of a nonlinear function generator, we 
shall consider replacing the nonlinear 
curve in Figs. 1 and 3 by a straight line. 
If the curve un’ in Fig. 3 is substituted by 
a straight line AA’ going through the 
points O and P as shown in Fig. 5, the 


2 
e 


NEGATIVE FORCING 


Fig. 5. Phase-plane trajectories of the linear 
on-off system 
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PART CURVE | CURVE 2 CHANGE IN 
P 3 CAPACITANCE 
(IN DERIVATIVE 
NETWORK) 
(A) SWITCHI 
t LINE S NONE 
oO To 


OPTIMUM RESPONSE 
PERFECT SWITCHING 


e 
e 


e 


(B) 
t O s3R INCREASE 
(0) T e 


Oo 
SWITCHING TOO LATE P 


e 


(C) | : 
ie) To 4 


SWITCHING TOO SOON 


Fig. 6. Optimum response adjustments 


curve m still lies completely in the positive 
forcing region and the curve » still lies 
completely in the negative forcing 
region, as they did in Fig. 3. Hence, 
the system still responds in an opti- 
mum manner to an input step change 
exactly equal to R. Suppose R is the 
worst step input or disturbance for which 
the system specification is written, then 
to a less severe input or disturbance the 
response will not be optimum but is 
likely to be within the specified recovery 
time for the worst case. The observation 
that the ideal switching curve m ap- 
proaches the fast eigenvector, a straight 
line, in the region remote from the origin 
of the phase plane leads one to suspect 
that replacement of m by an appropriate 
straight line would result in nearly opti- 
mum or quasi-optimum response for all 
step inputs. Furthermore, with system 
parameters changing with load and 
environmental conditions, it is senseless 
to attempt achieving exact optimum 
response under all conditions in a practi- 
cal application. How much the system 
transient response departs from optimum, 
because of parameter variations and input 
magnitude variations will be discussed in 
the section on computer study. 


EXPERIMENTAL ADJUSTMENT 


Substituting a straight line for the 
nonlinear curve in Fig. 1 means that the 
block between the error signal and the 
on-off amplifier can be physically realized 
by the RC derivative network shown in 
Fig. 4. The slope of the switching line in 
the phase plane can therefore be simply 
adjusted by changing either the resist- 
ance R; or the capacitance C of the lead 
network. However, changing R, will 
change the ratio of the lead and lag time 
constants as well as the gain of the de- 


DECREASE 


Fig. 7. Apparently possible trajec- 
tories crossing the optimum switch- 
ing line 


rivative network. Therefore, it is ad- 
visable to adjust the slope of the linear 
switching line by changing the capaci- 
tance alone. 

If the controlled element is second- 
order and overdamped, the only param- 
eter on the controller to be adjusted is 
the capacitance alone as far as adjust- 
ment for optimum transient response is 
concerned. Of course, the position of 
this “‘simple knob” on the controller can 
be determined by calculation based on 
the gain and time constants of the con- 
trolled element and the positive and 
negative forcing of the controller. How- 
ever, a more practical way of adjusting 
this single knob is by experiment. The 
procedure consists of feeding the largest 
expected, or specified, step input or dis- 
turbance to the system and examining 
the time response. If there is an over- 
shoot, the time of the first switching 
should be made earlier by increasing the 
capacitor C. If the response has a long 
tail, the time of the first switching should 
be made later by decreasing the capacitor 
C. The optimum response corresponds 
to no overshoot nor tail, that is, dead-beat 
response. The transient responses of 
these 3 cases are illustrated in Fig. 6, 
together with their corresponding phase- 
plane trajectories. The procedure is so 
simple that even an inexperienced techni- 
cian can determine the correct setting of 
the capacitor to obtain optimum response. 
Another experimental method of deter- 
mining the correct setting of the capacitor 
is to see that one and only one switching 
of the controller output occurs between 
the beginning and the end of the transient. 

Part C of Fig. 6 shows that the ‘‘end- 
point” phenomenon’ occurs when the ca- 
pacitance of the derivative network is too 
large. After the end-point E is reached 
the controller output oscillates at a very 
high frequency and with such an on-off 
time ratio that the operating points pro- 
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MATHEMATICAL PROOF 


Fig. 8. More than one intersections of | 
and n trajectories in the fourth quadrantr 


ceeds along the switching line S to & 
origin of the phase plane. The resp 
for this part of the transient is an ¢ 
nential function of time with a time cox 
stant equal to RiC of the derivative * 
work. Although it takes theoreti ab 
infinite time to reach steady state, t] 
time it takes to reach and remain w: th} 
specified band around the final val 
finite. 

A similar statement may be made } 
regard to part B of Fig. 6, the overshou 
case. 


ment. Although linear switching wy 
not result in optimum response for 
magnitudes of step inputs, it can 
proved mathematically that for a gf 

step input, an on-off controller emplo y 
a proper linear switching function cy 
always achieve optimum response. — 7 
previous discussion, based on the phaq 
plane trajectory in Fig. 5, has illus 
the possibility of obtaining optimut 
sponse with a linear switching 
However, this is possible only if f 
straight line AA’ linking the origin, 

and the optimum switching point 
(Fig. 5), puts the trajectories m a 
entirely in the two separate half-p 
divided by AA’. For example, i 
trajectory corresponding to neg 
forcing were like n* instead of , depi 
in Fig. 7, the use of 4A’ as the switeht 


Fig. 9. On-off system using exact 


R’ 


would cause the on-off controller to 
ch back to positive forcing at B, 
sreas negative forcing is required to 
> optimum response. For the same 
son, if the trajectory corresponding to 
tive forcing were like m* or m** in- 
d of m, as depicted in Fig. 7, it would 
be possible with linear switching to 
ain optimum response to a given step 
t. The purpose of the following 
hematical proof is to show that none 
he trajectories m*, m**, and n* can 


If the trajectory n* occurred, the 
of change of the slope dé/de with 
ect to time ¢ would have to change 
. From equations 2 and 3, 


AB(Tl,+T»2)? 


TT 3 (4 cm $ 1) x 
1 2 


t t 
e— (f+5) (6) 


S expression does not change sign as a 
tion of ¢; and hence the trajectory n* 
hot occur. 

It is obvious that the trajectory 
cannot occur: for the approach of m* 
? from the left implies the impossible 
rement of ¢ increasing with time for 
ing negative. 

The occurrence of m** would imply 
lative configuration of m** and n as 
wn in Fig. 8. This seems possible be- 
se both m** and m are concave upward 
intersect the e-axis at the right points. 
ise trajectories now have three inter- 
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sections in the fourth quadrant of the 
phase plane. If this should occur, P 
would still be the optimum switching 
point and the switching line OP would 
still put m** and n in two separate half 
planes. However, the use of another 
switching line OP’ would result in a dead- 
beat response with one switching during 
the transient. This would mean that the 
dead-beat transient response would not 
correspond uniquely to the optimum re- 
sponse. 

It is recalled that the phase-plane 
trajectories for the second-order systems 
under consideration always diverge 
asymptotically from the fast eigenvector 
and approach asymptotically to the slow 
eigenvector. Therefore, in the fourth 
quadrant of the phase plane, the m 
trajectories should have a slope between 
+o and —1/T7>, and the x trajectories 
should have a slope between —1/7, and 
Since —1/T> is larger than —1/7; 
algebraically, the slope of m should al- 
ways be larger than that of in the fourth 
quadrant. This condition is violated at 
the intersection point P in Fig. 8 where 
the slope of m** is less than that of n. 
Therefore m** cannot occur. The same 
reason rules out all possibilities but that 
of only one intersection of the m and n 
trajectories in the fourth quadrant. 

Thus, it has been shown mathemati- 
cally that optimum response can always 
be achieved by using proper linear 
switching and that optimum response 
corresponds uniquely to dead-beat re- 
sponse for the systems under considera- 
tion. 


—o, 


Computer Study 


The objective of the computer study 
was twofold: 1. To determine the opti- 
mum system response time as a function 
of the available forcing and of the param- 
eters of the controlled element when a 


Fig. 11 (above). 


Fig. 10 (left). Optimum response time 


On-off system using approximate ée 


system exactly like that in Fig. 1 is 
obtainable; 2. To determine the effects 
upon the optimum response time in a 
typical case when the exact control sys- 
tem of Fig. 1 has to be modified for var- 
ious practical reasons given in the pre- 
vious sections. The analog computer 
was used because analytical methods were 
time-consuming and the 1 to 2% error in 
the computer results is considered within 
reasonable tolerance for practical pur- 
poses. 

It has been pointed out in the previous 
section that the optimum response pro- 
vided by the system in Fig. 1 can be 
exactly reproduced through proper linear 
switching if the input step is fixed. 
Hence, the first objective of the computer 
study was attained by conducting com- 
puter experiments on the system shown 
in Fig, 9. Here the error derivative é 
(=—é) is exact since no disturbance is 
introduced into the output element. The 
system is optimized by adjusting a, which 
controls the slope of the switching line, 
until the system error comes to rest after 
exactly one switching of the on-off ampli- 
fier. The realization of optimum re- 
sponse can be checked further by seeing 
that the output transient has neither 
overshoot nor a tail. The information on 
the exact optimum response time is pre- 
sented in the form of a family of curves in 
Fig. 10. The parameters are normalized 
in order to maximize the range of appli- 
cation of the curves. Symmetrical fore- 
ing is assumed for these results. 

The second objective of the computer 
study was attained by performing com- 
puter experiments on a typical system 
with +50 volts of available forcing and 
controlled element with the following 
nominal parameter values: 

Gain K=2.5 


Time constants 7; =1 second 
T2=2 seconds 


The results are tabulated in the Appendix. 
Part I of the Appendix shows the re- 
sponse time of the optimized system for 
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various step inputs. The results differ 
from those in Fig. 10 because of different 
definitions of response time. In Fig. 10, 
the response time is defined as the time 
required for the system error to return 
with £1% of 50 volts, or +1/2 volt, after 
the application of a step input. The 
values in Part I serve as a standard of 
comparison for the following results. 
Part II shows the effect of variation of 
step inputs when the linear switching 
line is adjusted only for optimum response 
following a step input of 50 volts and is 
held fixed thereafter for any other inputs. 
The responses of the system to step inputs 
other than 50 volts are therefore non- 
optimum. However, there is little differ- 
ence between the response times of Part 
I and their corresponding ones in Part IT. 
This confirms the belief that the exact 
switching curve un’ of Fig. 3 is nearly 
linear for a second-order, overdamped, 
controlled element, and hence nn’ can 
be approximated quite satisfactorily by a 
straight line. The results in Part II are 
significant in that they justify the use of 
linear switching. Note that the method 
of obtaining the exact é in Fig. 9 is good 
only when there is no load disturbance on 
the controlled element. Therefore, this 
method cannot be used in practice. 
Fig. 11 shows the basic system simulated 
on the computer for all of the remaining 
parts of the computer study. This 


system uses an approximation to the é 
signal and is constructed in such a man- 
ner that disturbances can be injected in 
any one of four locations. 

Part III shows the effect of using ap- 
proximate instead of exact é in addition to 
linear switching. The time lag Tq of the 
derivative network is 0.01 second. The 
results of this part indicate that the in- 
creases of response time, compared with 
Part I, are well within 10%. The lag 
effect due to Tz helps to reduce the effect 
of high-frequency pickup or noises. 
Fig. 12 shows the transients resulting 
from a 10-volt step, using approximate 
éin the system, while the linear switching 
line has been adjusted to give optimum 
response for a 50-volt step input. 

Parts IV and V show the effect of an 
appreciable third time constant 7%. In 
Part IV, 73=:0.1 second and in Part V, 
T;=0.5 second. Results again appear in 
the Appendix. These results indicate 
that a third time constant (73) of 1/10 the 
smaller time constant, 1/1071, does not 
appreciably affect the system response; 
however, for 73=1/27;, the system is 
adversely affected. In such cases, the 
system should be treated as essentially 
third order. Systems higher than the 
second order can be optimized by meas- 
uring the second and higher derivatives 
of the error. However, they will not be 
considered in this paper. 


eal error 
tolerance 
ae i aan I: 1/2 volt 
Output 
LO volts 
+ 
Output i caaedtasti fettt ens 
of On-Off i 
Amplifier i HOG swelles 
Reference 10 volts 3 
Step Input Fig. 12. Computer 
result, 10-volt step 
input with approxi- 
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‘to regulate satisfactorily under a | 4) 


In order more fully to justify the 
tem described, the following study of 
effects of drift and disturbances are m 
The system was adjusted for optin 
response to a 50-volt step change 
reference. The reference was then pl 
at 50 volts and 73, U, U’, D, and D’ 
set to zero unless otherwise indicat 
the following description. 


1. The effects of disturbances are shi 
Parts VI through IX of the Append 
Some response times are zero because 
disturbances are so small that the 
never exceeds 1 volt during the transi 
These results indicate that the syst 
timized for 50-volt step input can r 
satisfactorily under various load d 
ances, 


2. The effects of drift and 60-cycle pi 
upon the steady-state error are show 
Parts X through XIII. Note that 
experiment involved adding a d-c level 
points indicated in Fig. 11. This did 1 
involve step or ramp disturbances. 


These results indicate that the opti 
system has good accuracy, as maj 
expected due to the extremely high 
of the on-off amplifier. The drift a 
input end of the controller is equivale: 
error in the system measurement de 
and is therefore directly reflected ir 
system error. The ability of the sy: 


amount of 60-cps (cycles per secon 
pickup is of interest. It shows that t} 
lead network does not accentuate higil 
frequency noises to an unacceptable €} 
tent. ' 

The last portion of the computer st 
Part XIV, consisted of varying the v 
of T1, Tz, and K and recording the sy 
response to a 50-volt step change in 
ence. In this part, as in the parts 
mediately preceding, the system wa 
for optimum response following a 50 
step change in reference with 
second, 7,=2 seconds, and K =2,5. 
response time for each condition, » 
various values of 71, To, and K, 
cated in Part XIV of the Appendix. 
actual curves for cases 9 and 10 in 
part are shown in Figs. 13(A) 
(B), respectively. These correspo 
change in both time constants of 309 
a change in K by 69%, representin 
variation in these parameters due t 
change in the resistance of copper 
in a 2-stage electrical amplifier (mag 
amplifiers or rotating machines) whe 
temperature is varied from —60 F 
grees Fahrenheit) to 180'F (—50 C 
grees centigrade] to 75 C). 
although the responses in the last p 
the computer study were not optim 
the response time was still well ¥ 
10% of the optimum values, which 
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Fig, 13. Computer result, 50-volt step input, approximate ¢; system optimized for 50-volt step input under normal temperature 


ained by readjusting the switching 
. This shows that the practical 
ems under study have “‘flat”’ optimum 
onses; that is, their optimum re- 
mses are not critical to parameter 
jations, 

brief study has also been made on the 
aputer as to the effect of slight non- 
latities, especially the saturation type, 
the controlled elements. The con- 
sion is that the switching line can 
ays be readjusted to give optimum 
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A—System under simulated high temperature 
B—System under simulated low temperature 


response. No special adverse effects 
have been observed that can be ascribed 
to the presence of slight nonlinearities in 
the output elements, 

In summary, the results of the com- 
puter study are quite encouraging, as evi- 
denced by the values in the Appendix. 
The experience gained during the com- 
puter study confirmed the earlier pre- 
diction that the optimization of system 
response can be quickly achieved by sim- 
ple adjustments of the switching line. 


Practical Circuits 


Because of its simplicity and flexibility, 
the lead network shown in Fig. 4 will be 
used as the inherent compensation of the 
controller. The main problem is then 
the physical realization of the on-off 
amplifier. Ideally the amplifier should 
have the following characteristics: 1. 
No delay in responding to command; 
2. No delay in switching from one 
state of output to the other; 3. 
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Fig. 16. Demonstration unit 
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Rugged; no wear and tear; 4. Long 
life; 5. Wide range of input and output 
power levels; 6. No zero drift; 7. No 
hysteresis or dead zone; 8. Minimum 
cost. 

To satisfy the first three requirements, 
transistors were chosen as the basic 
components, although high-frequency 
magnetic amplifiers can provide similar 
characteristics. The fourth and fifth 
requirements are achieved by operating 
transistors as switches with appropriate 
derating. The last three conditions are, 
in general, not compatible. How good a 
compromise can be reached depends on 
engineering judgment and ingenuity of 
circuit design. 

Several practical circuits have proved 
to give similar gross characteristics 
approximating those listed in the forego- 
ing for an ideal on-off amplifier. A 
variety of circuits are used to satisfy 
different needs of output forms, e.g., 
single-ended and push-pull, d-c and a-c, 
single-phase and multiphase. The de- 
tails and analyses of these circuits will be 
reported elsewhere. However, it is of 
interest to point out that all these circuits 
are functionally represented by the single 
block for the on-off amplifier in Fig. 1. 
Therefore, the approach is that of forcing 
a physical system to take the desirable 
functional form depicted by Fig. 1, with 
the exception of using linear switching. 
The difficulty in analyzing an on-off sys- 
tem with dead time delay and/or hys- 
teresis is thus avoided. 


Practical Demonstration 


The new controller has been employed 
in a variety of control systems. While 
its industrial application will be reported 
elsewhere, we shall describe its application 
in a demonstration unit, which can be 
either a voltage regulator or a Ward- 
Leonard speed control system, depending 
on the mechanical and electrical arrange- 
ment. The unit is composed of an a-c 
motor and two d-c machines. Diagrams 
of the two possible configurations are 
shown in Figs. 14 and 15, respectively. 
Parts A, B, and C of Fig. 16 show the 
output responses of the two systems when 
switching occurs properly, too early, and 
too late. Notice that optimum response 
in part A gives minimum response time. 
Each of these systems are essentially 
second order. The voltage regulator time 
constants are the fields of the exciter and 
generator. The generator field time 
constant and the mechanical time con- 
stant of the motor produce second order 
system for the speed control. In both 
cases the system response is made opti- 
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mum by simply adjusting one knob which 
controls the capacitance of the derivative 
network. 


Conclusions 


The standard transistorized optimum 
response controller gives nearly optimum 
response to a great variety of feedback 
control systems under a wide range of 
input conditions. Its proper application 
should not only save materials cost but, 
more important for system engineering, 
reduce development cost. 

The results of using linear switching 
function to obtain nearly optimum re- 
sponse are quite encouraging. Its ex- 
tension to higher order systems would lead 
to the division by the phase space into 
two halves by a hyperplane, which could 
be generated without a multivariable 
function generator though higher deriva- 
tives would still have to be measured. 

The successful development of the 
standard transistorized optimum response 
controller has proven that it is more re- 
warding practically to force a physical 
system to take a desirable functional form 
by hardware synthesis rather than to 
analyze an on-off servomechanism in- 
cluding all the imperfections of the on-off 
device. 


Appendix. | Results of the 
Computer Study 


Seconds 


Reference, Part Part Part Part Part 
Volts I Il It IV 


SOG es 2.0 ...2,0 ...2.04...2.04...8 
MOORE ass 4.44...4.44...4.54,..4.6 ...8.06 
Os wagoet 0).66. 250; 662.0277 3.0: 82554102 
Deaton 0.13... 0.14... 02 15:.. 0.28... 0-44 
PART VI 
Step Change Response 
in U, Volts Time, Seconds 
CROAT ere aires orto sy de 0 
LOE Se tat cid datale clays Fo suet aciahe wsuelo aacls 0.76 
BO ete sie sisle chien Gees erie 3.04 
Wat od oan eaete tthen: Spee Nate Re Pe 0 
PART VII 
Step Change Response 
in U’, Volts Time, Seconds 
bP Ae ae RA A API ARSE bors 5 Sc evden 1.02 
25) | Gisispaancins ¢o0* satan) se eae 1.4 
CA Maer SEIN GE cee otGs Gk Ace. 2.5 
DEUS ace teirats venpcotel eer ofa tous. caret eRe eR 0.1 
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PART VIII 


Ramp Change Resp: 
in U Time, S 
BO¥ Di csi gs-Sretevess © eguiaiele mretpneteetehen cletee 0 
Kl) mei mance detour ouor ~ 0 
E10 Seren onic Pacis Anas ATIC 5.04 
Bes: kce a GiVlonekahs ee altel ean ies ghee 0 
PART IX 
Ramp Change Respe 
in U’ Time, S 
VD ibe icavese atovelaneretessialtvele letene tal aaa 0 
Die Gene x. olele the gioksisl stele aiele oh tet ae 0.7 
75 2 rakatesdaeretnns arene shasta ae me 3.36 
Biv t se dc sono 0 
PART X 
Signal on Change 
D Error, (Ae) 
VO saar-cacs qed te tin Oagele = ete eee 0 
Wo ccore: aiabiveeenshe ieiletelt oiotialis eaten .0 


PART XI 


Signal on Change 
D’, Volts Error, (Aes) ei 
LOS PF e are alice allel bhaasferame te teem slr 10 

} RE STACI Seta cs . 
PART XII 
60-CPS Eee 
RMS, Volts V 
Os TEs oS. eeralerere tenaiatarats arate tale) ener 
OB ace, cca eR a aot Siegert oe eer ae 
OA ois cesar Sweetin thn svelarsssbenetehele ote ital aaa 
a Rr Mec ce 
OB Bisa swrersfansey Srselingye mans eoaslinn sn he eae ee 
PART XIII 
60-CPS Error, :,| 
RMS, Volts Volt 
f PPC SOT eA Co L 
Ah psala's GAO ahs ARG AE poe lo aye ke ol ow Kaen 
Bi .cieo.o aid sepa tele ale oeidhe ee oie ee + 
PART XIV 
Actual Id 
Response Resp 
Ti To K Time, Seconds Time, S 
Lo a2 ASD esa 2) :35..|is..e eee 2 
Ll sG eno 2:0! sls, cial ae 1 
12, Qt ace Beer erecenens 225.2 Carn Oe y 
0,82 52) 02) Oli 20. eels. Sere 
1.852 230 era mere 1.9 AQ Uke wed 
ee Eee Mee tscoct. G 2.8) eit 
Wei oes haces, es pret Ne Bid eS coe 
L224 nel6 eee BB 5 Satie eee 3 
Onl dic SOD) een CI PIE oc 7 
1.8..26..54, 125. QB) seen ses ena 
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Dsis: With the coming space age, 
derable attention is being focused 
the problem of supplying secondary 
r to the vehicles of the future. It is 
pated that future space vehicles 
perform missions which will require 
hs and perhaps years to complete. 
irements for the secondary power 
2 serving these vehicles will be very 
ent. Weight will be at a premium, 
ore, the unit must have a high power- 
ight ratio. Reliability must be high 
hust be accomplished with little or no 
enance and without excessive re- 
mney. The life expectancy must be 


sent-day systems possess a number 
brtcomings which may preclude their 
1 extended mission vehicles. There 
de doubt that these systems can be 
lly modified to overcome these 
ings. Accordingly, much effort 
ig expended to explore new types of 
“systems which will be able to meet 
eds of this new age. 
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One system that appears to show con- 
siderable merit is a solar-powered thermo- 
electric generator. Solar power is fairly 
abundant in space, and the solar-powered 
system would have an advantage in that 
it would require no fuel or shielding. The 


thermoelectric generator is a static con- ~ 
-version device and should have a fairly 


long life with good reliability. This paper 
presents, in a brief manner, some of the 
principles and problems which may be 
expected in applying solar energy to a 
thermoelectric generator serving a space 
vehicle and also describes a small solar- 
powered thermoelectric generator which was 
constructed to study these problems. 


THERMOELECTRIC generator 
operates as a heat engine to stati- 
cally convert heat into electricity. As 
such, heat must flow through the thermo- 
electric material. Some of this heat is 
converted into electricity and the remain- 
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tem controlled by the standard transitor- 
ized optimum response controller. For 
higher order systems, the extension of the 
linear switching approach means to divide 
the phase space into two halves by a hyper- 
plane. The authors have studied the case 
of an essentially third order system on an 
analog computer. It was not difficult to 
obtain the exact é and é (first and second 
derivatives of the error signal) on a com- 
puter. 

A converging experimental procedure 
was developed to determine the proper 
linear combination of e, é and é in the com- 
pensation network in order to achieve opti- 
mum response to a step input. This means 
the determination of the proper switching 
plane in the three dimensional phase space 
by experiment. However, in a practical 
circuit, it was difficult to obtain both é and 
é. It was even more difficult to obtain 
independent adjustments of the multiplying 
factors for éand é. Therefore, no practical 
results can be reported at this time in regard 
to high-order optimum response systems 
using linear switching. 


ing unavailable energy must be dissi- 
pated. A solar system will thus consist of: 


1. A means for collecting and concentrat- 
ing the solar energy. 


2. A means for converting the radiant 
energy into heat. 


3. <A thermoelectric generator. 


4. A means for dissipating the waste 
heat. 


Basic Elements 


COLLECTOR—CONCENTRATOR 


The solar-energy density at various 
points in the solar system is shown in 
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Fig. 1. Solar energy density at various points 
in solar system 
Fig. 1. This plot shows that the power 


densities in the areas of space in which 
man may be interested will be too low 
to efficiently operate a heat engine so some 
means must be provided for increasing 
the energy density to workable levels. 

The energy density can be increased by 
collection and concentration with some 
type of a reflective concentrator or mirror. 
The optical design and construction of a 
large-scale reflective concentrator for a 
power system will be similar to that of a 
solar furnace. However, concentration 
requirements will be much less. The 
term ‘‘concentration ratio’ as used here- 
after is defined as the ratio of the image- 
energy density with concentration to the 
energy density without concentration 
assuming a perfect concentrator with a 
reflectance of unity. Table I shows the 
input heat density of some present-day 
thermoelectric materials and the concen- 


Table |. Input Heat Density of Some 
Present-Day Thermoelectric Materials 


Heat- Concentration 
Input Ratio Required 
Density, to Supply Heat 


Thermoelectric Watts/ Input Plus 
Materials Sq Ft Radiation Loss 

Lead-telluride—P } we eS I ee aga 26 
Lead-telluride—N 

Zinc-antimonide—P \ ANCOR See 61 
Indium-—antimonide—N 

Lead-telluride—P } 4,000 ee eee: 51 
Indium—antimonide—N 


Teka? Ga EE EEE 
Solar constant =130 watts/sq ft 

Hot junction temperature = 450 C (723 K) 

Cold junction temperature =270 C (543 K) 
Length of element =0.5 inch 

a=e=1.0 

Furnace factor =0.8 

Solar-image area equal to load area 
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tration ratio necessary to provide these 
densities in space. Note that only fairly 
modest ratios will be required, whereas 
solar furnaces usually require concentra- 
tion ratios in the order of 10,000-30,000. 
A review of the published papers'™* 
covering the theory and design of solar 
furnaces indicates that with the low con- 
centrations required, the optical design 
of a power-system concentrator should 
not be a major problem. 

In space applications the major con- 
centrator problem is one of a mechanical 
nature. Because of the large area which 
will be required, the collector must be ina 
collapsed form during the ascent through 
the dense air and must then be extended 
or erected upon reaching space altitudes. 
The extension system must be capable of 
forming a large complex surface with good 
accuracy. Considerable work is being 
done by the National Aeronautics and 
Space Administration and others on the 
problem of developing suitable extension 
systems. 

Some shapes may be more easily formed 
by an extension system than others. 
Some reflective systems which have been 
considered for terrestrial applications are 
‘shown in Fig. 2 and may be worth con- 
sidering from the standpoint of reducing 
‘the extension problem. Fig. 3 compares 
the concentration ratio of some of the 
amore basic designs. Note that for the 
‘small concentration ratios, the simple 
shapes perform nearly as well as a parab- 
ola. 

In a practical system, the concentrator 
will not deliver all of the intercepted 
energy to the solar image. Losses will 
occur due to the absorption at the reflec- 
tive surface, scattering as caused by 
diffuse reflection, and imperfections in the 
basic shape. The total intercepted 
energy must be increased by some factor 
to account for these losses. In solar 
furnace work this factor is commonly 
called the ‘Furnace Factor’ and was 
found to vary from about 0.3 to 0.7. Be- 
cause of the low concentration ratio re- 
quired in a thermoelectrie system, it is 
expected that somewhat higher factors 
may be attained. 


ABSORBER 


The absorber has the function of con- 
verting the collected radiant energy into 
heat and conducting this heat to the gen- 
erator. The conversion efficiency will 
depend upon the shape, surface materials, 
area, and temperature. The effect of the 
absorber shape on performance will be 
discussed in a companion paper.‘ 

The incident energy which strikes the 
absorber will be either reflected or 
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concentrator designs 


A—Paraboloid or circular Archimedes 
B—Semisphere : 
C—Parabolic cylinder or rectangular A 
medes array 
D—Semicircular cylinder 
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WAVE LENGTH IN MICRONS 


4. Spectral emissivity of some elemental 
urfaces; data taken from reference 5 


SELECTIVE BLACK 


1400 1800 2200 2600 
ABSORBER TEMP. 


5. Dividing lines determining applica- 
on areas for absorber surface coatings 


A—a=0.8, «=0.1 

B—a=0.7, «=0.5 

C—a=0.4, «=0.07 

Solar constant=130 watts /ft? 
Furnace factor=0.8 

Reference gray body=a=e=0.95 


bed. The ratio between the ab- 
ed energy and total-incident energy 
es the absorptivity coefficient of the 
ce. The absorbed heat will thus be 


ar energy density, watts/sq ft (watts 
per square foot) 
area of the concentrator, sq ft 


me of the absorbed heat will be lost 
infrared radiation from the 
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absorber surface. This loss can be ex- 
pressed by the following equation: 


Q,=ecAq(Tyi— ICS) 
where 


¢=emissivity coefficient at the temperature 
of the absorber 

o=Stefan-Boltzman constant =5.267 10-9 
watts/sq ft/degree* 

Aq=area of the absorber, sq ft 

Tq=temperature of the absorber, degrees 
Kelvin (K) 

T,=effective sink temperature, K 


The heat available to the generator will 
thus be the difference between the 
absorbed power and the radiated heat. 
The heat-balance equation of the absorber 
can be written as follows: 


Qa=Qo+0, 

or 

aSA F=Q,-+¢«cAq(T*— To!) 
where 


Qg=heat delivered to the thermoelectric 
generator 


From this equation, it is evident that 
the heat delivered to the thermoelectric 
generator will be increased when either 
the absorptivity is increased, the emis- 
sivity decreased, or the absorber area de- 
creased by increasing the concentration 
ratio. By maximizing the power de- 
livered, the area of the concentrator can 
be reduced and a saving in weight 
realized. 

If the absorber area is made small in an 
effort to reduce the radiation loss and 
the input heat density becomes much 
larger than the generator density, much 
of the heat must then be conducted over 
a fairly long path. The weight of the 
heat transfer system may offset the weight 
saving in the concentrator. Additional 
study will be required to optimize the 
absorber area with respect to the other 
elements of the solar system. 

It is obvious that for a given absorber 
area, concentrator, and solar constant, 
the heat delivered will be a maximum 
when the solar absorptivity is equal to 
unity and the low-temperature emissivity 
is equal to zero. Unfortunately, materials 
with such properties are not available. 
However, in many materials the emis- 
sivity-absorptivity coefficient is not a 
constant but changes with temperature 
and wavelength. It may be possible to 
select materials which have the property 
of efficiently absorbing solar energy but 
inefficiently radiating infrared thus ap- 
proaching the ideal material. Such mate- 
rials are called selective blacks. Fig. 4 
shows the spectral emissivity character- 
istics for some materials. 
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ABSORBER TEMPERATURE DEGREES K 


1000: 


Conceneerion aan 


Fig. 6. Absorber temperature and concen- 
tration ratio relations at various input heat 
densities to thermoelements 


A—O watts /ft? 

B—950 watts/ft? 

C—500 watts /ft? 

D—1,000 watts /ft? 

E—92,000 watts /ft? 

F—5,000 watts /ft? 

Solar constant=130 watts /ft2 
Furnace factor=0.7 

a=0.6, e=0.1 


From the absorber heat-balance equa- 
tion, it can be shown that under 
certain conditions, selective black mate- 
rials with less than ideal characteristics 
will be superior to highly absorptive gray- 
body materials (e=e=constant). Fig. 
5 compares three selective blacks with a 
highly absorptive gray body. These 
curves show the concentration ratios and 
temperatures at which a selective black is 
equal to the gray body. The selective 
black will be superior at all points falling 
to the right of the appropriate curve and 
the gray body superior for all points to 
the left side of the curve. In general, for 
a given concentration ratio, the selective 
blacks will be superior at the higher tem- 
peratures and the gray body at the lower 
temperatures. 

The absorber heat-balance equation 
also provides a means for calculating the 
temperature of the absorber. The tem- 
perature of the absorber is jointly fixed by 
the heat loss from the absorber surface and 
the heat flow through the thermoelectric 
generator to the radiator and thence to 
space. The expression defining the ab- 
sorber temperature in these terms is quite 
complex and awkward. The calculation 
can be simplified by assuming the power 
flow through the thermoelectric generator 
to be a constant. Based on this sim- 
plifying assumption, Fig. 6 shows the 
absorber temperature as a function of 
concentration ratio with input heat 
density as a parameter. 


THERMOELECTRIC GENERATOR 


A brief review of thermoelectric theory 
may be helpful in understanding the 
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HEAT SINK 


THERMOELECTRIC 
ATERIAL 


HEAT SOURCE 


design problems which are described 
later, A thermoelectric generator is a 
heat engine and therefore the maximum 
available fraction of the total energy is 
given by the Carnot cycle efficiency. 
This cycle efficiency, E, is expressed as 
the difference in the heat-in and heat-out 
temperatures divided by the heat-in 
temperature in absolute degrees. 


B= Ta—T; 
Ta 


The portion of this available energy 
which can be converted by a thermocouple 
(called the thermocouple efficiency, Ex) 
is a function of the thermoelectric material 
properties and the temperature. The 
basic material properties are the Seebeck 
coefficient S (in volts-per-degree-centi- 
grade temperature difference between 
junctions), thermal conductivity, R, and 
electrical resistivity, p. A figure of merit 
Z, relating these materials properties is 
expressed as Z = S?/pk. 

By considering the effects of Peltier 
heat, Thomson heat, and Seebeck voltage 
it can be shown that the thermocouple 
efficiency is 


_ W1+TZ-1 
V1+TZ+To/T, 


Now the over-all efficiency E of a 


100 


rr DS 


400 600 800 1000 ©61200 1400 
RADIATOR TEMP IN DEGREES K 


RADIATOR AREA IN SQUARE FEET 


Fig. 8. Radiator area required to eee 
1 kw of heat 


e=1.0 
Sink temperature =O K 
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ELECTRIC 


Fig. 7. Basic thermoelectric 
generator arrangement 


ELECTRIC 


POWER OUT 


thermoelectric generator cati be expressed 
as E=E, E;, and the electric power output 
available is P=Q,E-Ex, where Q,=the 
heat flow into the thermoelectric material. 

It is important to note that the material 
properties appear only as S? divided by 
pk in the expression for efficiency. This 
indicates that the material properties are 
not independently important but only 
in respect to one another. 

Metals are not good materials for 
thermoelectric power generators because 
of their low thermocouple efficiency. By 
plotting the figure of merit with respect 
to the current-carrier density or resistivity 
it can be shown that the best thermo- 
electric materials apparently lie in the 
semiconductor or semimetal range. In- 
deed, most of the material development to- 
day is directed at thermoelements in this 
range. Unfortunately, | semiconductors 
are not high-temperature materials, being 
limited to 500-700 C (degrees centigrade) 
as far as we know today. This means 
that the heat energy available in the form 
of burning fuels, concentrated sunlight, 
and nuclear reactors cannot be used at its 
maximum temperature and _ therefore 
maximum energy conversion cannot be 
obtained. It would be very desirable 
then to increase the efficiency by in- 
creasing the operating temperature of 
the thermoelement materials. A large 
effort is underway to convert insulator 
class materials into good thermoelectric 
materials by increasing their electrical 
conductivity without appreciably  in- 
creasing their thermal conductivity or 
decreasing their Seebeck voltage. Mixed 
valence materials such as lithium nickel 
oxide appear very promising in the 700- 
1,500 C range. 

The major electrical characteristics 
of a thermoelectric generator can be 
defined by the power output, the open- 
circuit voltage, and the internal resistance. 
The power output at matched load has 
previously been given approximately 
as the product of the heat flow into the 
material and the over-all efficiency. The 
open circuit voltage (V,) is calculated 
from 


Vo=NSAT 


where 
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 p=electrical resistivity 


Fig. 9. Effect of exposure to sun on radid 
area requirements 2 | 
A—e=a=0.95, Tr=500 K 
B—e=0.9, a=0.1, Tr=500K — 
C—e=0.9, a=0.1, T-=1,000 Ke 
D—e=a=0.95, T,=1,000 K 
Ai=area required with various 
exposures to sun 

A2= gray-body area required witt 

no exposure to sun 


N=number of thermoelements 
S=Seebeck voltage 
AT=T, aS ils iv 


' The internal resistance of the gener, 7" 
(R,) is calculated from 


=Nol/A 


where 


load resistance is equal to Ry. 
voltage then is equal to 1/2 Vp. 
practical case voltage drops will also og 
at the contacts and in the conducts 


tor will vary greatly with energy s 
application, environment, and m 
state-of-the-art. Whatever the de 
appearance, however, a heat path musi} 
provided from the heat source, tl 
the thermoelements, and into the 
sink as shown in Fig. 7. Generally; Pi { 
ing, the elements are thermally i in { 
and electrically in series which in 
one of the problem areas in any pi 
design. Thermal contact areas m 
good heat conductors and at the same 3 
must be good insulating electrical | 
faces. 
Another problem area results fromi 
relatively high operating temperatu 
countered. High-temperature tl 
elements must be connected togeth 
high-temperature conductors, he 
gether with high-temperature str 
materials, and protected by high-te: 
ture finishes. These requirements 
the number of available materials 
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ASSEMB' 


Fig. 11. 


g. 10. Solar-powered thermoelectric generator test model; 


vacuum enclosure not shown 


n be used even at nominal thermo- 
ectric temperatures like 400-500 C. 

A thermoelectric generator is essentially 
low-voltage high-current device with a 
latively high internal impedance. This 
eans that the output voltage will change 
nsiderably with load. The change in 
ad voltage with load current will not be 
actly linear because of the Peltier effect. 
Ne Peltier effect is in such a direction as 
tend to cool the hot junction and heat 
e cold junction. As the current is re- 
iced by increasing the load resistance, 
le hot and cold junction temperatures 
nd to increase. These increases tend to 
approximately the same so that AT is 
nost constant. Deviations from linear 
tage regulation are due to changes in 
[ and the resultant changes in material 
aracteristics with temperature change. 
Because of the inherently slow response 
ne of such a thermally operated device, 
od voltage regulation under load 
anges would be difficult to obtain by 
mg to control the heat flow. In most 
plications it is anticipated that some 
m of power-conversion equipment will 
‘used either to raise the direct voltage 
el or to convert the direct current to 
mating current. Voltage regulation 
m be very nicely accomplished in this 
nversion equipment. 


DIATOR 


he function of the radiator is to dissi- 
e the waste heat from the generator 
and to control the temperature of the 
junction. At the present, the radia- 


ia 
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tor appears to be one of the larger problem 
areas in a solar-powered thermoelectric 
system. 

In space, the only mode for heat re- 
moval is by radiation. Fig. 8 shows the 
familiar relation between the radiator 
area and temperature required to dissi- 
pate 1 kw of heat. To attain a high 
Carnot efficiency, the radiator tempera- 
ture should be as low as practicable, how- 
ever, low temperatures can only be at- 
tained with large radiator areas. Witha 
large radiator and concentrated input, a 
major portion of the waste heat will be 
dissipated at areas somewhat removed 
from the source, and some means must be 
provided for conveying the heat to these 
areas. 

If a solid-material heat-conduction sys- 
tem is used, the flow of heat by conduction 
to the dissipative areas will cause a tem- 
perature drop. If the drops are large, 
extra area must be added to compensate 
for the reduced performance. Since this 
area will be added at an even greater 
distance from the source, the dissipative 
capabilities will be quite low and a point 
of diminishing returns is rapidly reached. 

The flow of heat in a radiator is a com- 
plex problem of two-dimensional heat 
flow. This problem is currently being 
studied with the aid of a computer. At 
the time of writing, detailed results have 
not been obtained. Approximate results 
indicate that if the power inputs are high 
and radiation temperatures low, fairly 
large thermal-conductor cross sections will 
be required with attendant larger weights. 
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RADIATOR ———_—— 


HEAT ABSORBER ————_ *§ 


Exploded view of principal elements of solar-powered 
thermoelectric generator test model 


In a space solar-powered system, the 
efficiency of the conversion device may not 
be as significant as in the more familiar 
terrestrial applications. Solar energy is 
abundant and free. The main conse- 
quence of reduced efficiency will be to in- 
crease the size of the concentrator and the 
conversion device. Since the goal in 
space applications is to obtain a large 
power-to-weight ratio, it may be desirable 
to sacrifice efficiency by using higher radi- 
ator temperatures, thereby reducing the 
radiator weight. Optimization studies 
will be required to determine the best 
radiator temperature. 

Another factor which will influence the 
radiator area is the orientation of the 
emissive surfaces. In some solar systems, 
the radiator will be exposed to the sun. 
If the radiator area is to be kept to a 
minimum, the heat input from the sun 
must be kept small. This can be done 
by keeping the area facing the sun small 
and by using suitable selective black 
material for the radiator surface. Fig. 9 
shows the effect of selective blacks on the 
total area required with various per- 
centages of the area normal to the sun. 
Note that if good selective blacks are 
available or if the temperature is high the 
solar energy does not significantly increase 
the radiator area. 

In other solar systems, the radiator will 
be shaded from the sun but exposed to 
the earth (for earth-orbiting vehicles) 
during certain portions of the orbit. The 
earth may be considered as a black body 
radiating at the average temperature of 
the earth and reflecting a certain percent- 
age of the solar radiation. Calculations 
indicate that the effect on radiator require- 
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ments is insignificant at the higher tem- 
peratures. From this work, it appears 
that radiator orientation need not signifi- 
cantly affect radiator design. 


Description of Test Model 


A review of the considerations covered 
in the foregoing indicated that certain 
problem areas will exist which are not 
amenable to analytical solution. To 
better define and evaluate these problems, 
a solar-powered thermoelectric model was 
constructed. Temperatures and outputs 
were established by material and size 
limitations. No attempt was made to 
optimize any part of the system or to 
make the model flyable. The primary 
objective was to construct a workable 
model which could be easily instru- 
mented. 

The power output was arbitrarily set 
at 2.5 watts. It was estimated that a 
minimum thermocouple efficiency of 7.7% 
could be achieved with today’s material 
and that a Carnot cycle efficiency of 25% 
was reasonable. This gives an over-all 
efficiency of 1.92%. Based on this figure 
a heat input to the thermoelements of 130 
watts is required. 

The complete model is shown in Fig. 
10 and as an exploded view in Fig. 11. 
It consists of a concentrator, a sidereal 
drive, an evacuate enclosure, a water- 


cooled sink and the thermoelectric 
assembly. 
CONCENTRATOR 


Preliminary investigation on the prob- 
lem of model concentrator construction 
and orientation indicated that a cylindri- 
cal type mirror would have some advan- 
tage over the other types. Such a mirror 
could be constructed by metal-forming 
techniques rather than grinding and would 
require accurate orientation in only one 
plane. It was thus decided to construct 
a nonflyable parabolic mirror of this type. 
The dimensions were arbitrarily set at a 
width of 20 inches and an aperture of 50 
inches by the requirement that the mirror 
or concentrator be large enough to collect 
a demonstrational quantity of energy yet 
small enough to be transportable. The 
proposed mirror intercepts 6.93 sq ft of 
solarenergy. With a solar constant of 75 
watts/sq ft, this is equal to 520 watts. 

The focal length was arbitrarily set at 
12.5 inches to make the system compact. 
With this focal length and neglecting 
aberrations, the concentrator should 
focus the solar image in the form of a 
rectangle with a width of 0.116 inch and a 
length of 20 inches. The aberrations 
associated with a concentrator of such 
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high aperture diameter to focal length 
increases the width beyond the theoretical 
0.116 inch. 

According to catalog information highly 
reflective aluminum sheets were available 
which had a solar radiation reflectivity of 
about 0.83. This material appeared to be 
equal to, or better than, other finishes 
with the exception of silver and would 
not be subject to discoloration from 
atmospheric corrosion, This material 
was thus selected as the reflective surface. 

The mirror was constructed by mount- 
ing the highly polished aluminum sheet in 
a welded tubular frame. The parabolic 
surface was generated by preforming the 
aluminum sheet and inserting it into two 
slots that were accurately milled in the 
frame. The mirror and frame assembly 
was then mounted upon a _ sidereal 
drive. 


THERMOELECTRIC CALCULATIONS 


A hot junction temperature of 450 C 
was selected based on considerations of 
material availability and long life. With 
a Carnot efficiency of 25% the cold junc- 
tion would then be 270 C. Thermoelec- 
tric materials such as p-type zine anti- 
monide and n-type indium antimonide 
were available and have useful values of 
efficiency over this temperature range. 

The decisions of electric power output, 
thermoelectric material, and operating 
temperatures having been made, the 
component parts could now be designed. 
The amount of thermoelectric material 
required is calculated by considering the 
thermal conductivity and electrical resis- 
tivity of the materials and the heat flux 
desired. The ratio of area to length of 
the p-type material is calculated using 
the optimum relationship of the material 
characteristics. 


av ike | Ae 

Kemet 

fae ails 

190 | 14 YEE WN I 
V (2.0)(10-)(2.5)(10-2) 


(Ta—Tr) 


o-[14 


(2.5)(10-2) = (450-270) 
D 


Ay x 
i =14.9 cm (centimeters) or 5.9 inches 
D 


In a similar manner, the n-type mate- 
rial is found to require an A/l of 4.1 cm or 
1.6 inches. Heat flow being dependent 
on the ratio of area to length, theoretically 
the dimensions could be reduced to near 
zero and the same heat flow obtained as 
long as the ratio is maintained. In prac- 
tice the minimum length is limited by 
mechanical considerations such as thermal 
stress and heat loss around the elements. 
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An arbitrary length of 1/2 inch wa 
chosen for both types of material to sini 
plify construction, This is not mnege 
sarily the optimum length but rather 
convenient one. Setting the le 
makes it possible to calculate the 
areas as: 


Ay=3.0 inches? 


An=0.8 inch? 


dividual thermoelements is determined 1 
mechanical considerations and the ow 
voltage required. Itis generally desirab 
to break up the total area of thermo del 
tric material required into as mai u 
separate junctions as possible to incre a 
the voltage output. §° 
In this case the p-type material w 
readily available in 0.5-inch-diamets 
pellets. The number of p-type pellet 


then is: 


3.0 


=—— =]5, 
0.25% pe 


or 
Np=approximately 16 


To obtain the same number of matchir 
n-type pellets: | 


0.8 
16 


and 
1n=0.13 inch 


Therefore the n-type pellets are approx 
mately 0.25 inch in diameter. 
The open-circuit voltage then is Vp 4 
(16) (158-++160) (10-*) (180) =0.92 voltl 
and the internal resistance is R,=0.0) 
ohms. The power output at ma 
load then is P=3 watts. The calc 
3-watt output indicates that the ov 
efficiency is slightly higher than that 
sumed originally. In practice, how 
contact drops, conductor resistance, 
mechanical deviations will tend to redui} 
the output below this calculated value. } 
Nickel-plated silver was chosen 
conductor material because of its fig 
electrical and thermal conductivity am 
its corrosion resistance. The radi 
was made of aluminum because of 1 
light weight and high thermal condul} 
tivity. 
An aluminum oxide coating was addi 
to provide electrical insulation betweml 
radiator and thermoelement conducto 
The radiating surface was coated wi 
black paint to provide maximum radia 
of the waste heat. 
The absorber was made from a 
carbon steel. This material has an 
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table thermal conductivity but more 
ortant it has a matching coefficient of 
ar expansion. The expansion of the 
1 absorber at its higher temperature 
tches very closely the expansion of the 
minum radiator at its lower tempera- 
2. This arrangement minimizes the 
ral stresses on the thermoelements. 
> round side of the semicylindrical 
orber was coated with tantalum so that 
bsorbs a majority of the concentrated 
light and radiates very little heat. 
> flat side was coated with aluminum 
e to provide electrical insulation and 
mal conduction to the thermoelement 
ductors. Stainless-steel hardware was 
ected to hold the structure together. 
nless steel is corrosion free and has a 
thermal conductivity thus minimizing 
loss of heat through the hardware. 
ing washers were used to take up 
ensional changes caused by thermal 
ansion, 
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t was shown that 130 watts at a tem- 
ature of 450 C must be supplied to the 
rmoelectric elements to produce an 
trie power output of 2.5 watts. In 
ition, mounting and hardware con- 
tion losses will exist. The total net 
er which must be supplied to the gen- 
or is calculated to be 140 watts. 

s described in a foregoing section, the 
available to the generator is deter- 
ed by the absorber heat-balance 
ation. 


Qg+Qrad SF=Qy +A geo( Pat — Tint) 


his case, the term Q, is equal to the 
input into the thermoelements plus 
ating and hardware losses which is 
al to 140 watts. The intercepted 
gy A,S has already been established 
he dimensions of the concentrator and 
found to be 520 watts with a 
constant of 75 watts/sq ft, An 
orber area must now be found which 
balance the equation with the ab- 
ber at the desired temperature of 
.. 

he absorptivity—emissivity coefficients 
a function of the surface coating. 
liminary work indicated that a selec- 
black material may be superior to a 
nly absorptive gray-body material in 
application. A brief search of the 
rature revealed tantalum to be one of 
better blacks and it was selected as the 
ace material. The solar absorptivity 
} calculated to be about 0.5 and the 
issivity to be about 0.11. 

furnace factor of 0.83 appeared 
sonable in view of the high reflectivity 


> 
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of the concentrator surface. The assem- 
bly will be mounted in an evacuated en- 
closure and some of the concentrated 
energy will be reflected and absorbed in 
passing through the glass walls. A trans- 
mission factor should thus be added to the 
left term in the heat-balance equation. 
Calculations and tables indicate that the 
transmission factor should be about 0.9. 

The required absorber area of 31.7 
square inches is now calculated by sub- 
stituting these values into the heat- 
balance equation and letting T,=323 K 
(50 C). Since the radiation losses from 
the back side of the absorber will be re- 
duced to a small value with insulation, 
all radiation losses must occur on the front 
surface. With the length of the ab- 
sorber fixed at 20 inches by the concentra- 
tion dimensions, the required width is 
now found to be 1.59 inches. This width 
is larger than the theoretical 0.116-inch 
image that will be cast by the concentra- 
tor. However, certain inaccuracies in 
construction are expected and it is felt 
that a sizable target will be desirable to 
effectively collect the concentrated energy. 
The dimension was thus left as calculated. 

From preliminary work, it appears that 
a plane surface will not efficiently collect 
energy from the outer surfaces of the 
concentrator. This is due to the large 
incident angle of these rays. A cylinder 
will present a surface area that will be 
approximately normal to all the rays and 
should be superior. The absorber was 
thus constructed as a semicylinder with a 
diameter of 1 inch. 


EvACuATED ENCLOSURE 


A vacuum enclosttre was considered 
necessary to eliminate convection heat loss 
and to protect the materials from possible 
oxidation damage. The envelope con- 
sists of a 4-inch Pyrex tube with mechan- 
ically sealed end caps. Electrical con- 
nections to the thermoelectric generator, 
voltage probes, and temperature sensing 
thermocouples were brought out through 
hermetically sealed connectors mounted 
in the end caps. The end caps also con- 
tain connections for the water supply 
to the heat sink and the vacuum system. 
The enclosure is attached to the concen- 
trator frame with an adjustable type of 
clamp to permit positioning at the point of 
maximum heat input. 


SINK 


The Pyrex walls of the enclosure are 
opaque to the wavelengths emitted by the 
radiator. The enclosure would thus 
absorb all of the waste heat and reach an 
objectionably high temperature. It was 
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considered simpler to absorb the waste 
energy in an internally mounted water- 
cooled sink rather than to attempt to cool 
the glass tube. The sink consists of a 
semicircular section formed from thin- 
gage copper which was blackened on the 
concave side and aluminized on the con- 
vex side. Copper tubes for the coolant 
were soldered to the copper sheet at 
approximately 2-inch intervals. 


RADIATOR 


The heat which must be dissipated by 
the radiator is equal to the heat con- 
ducted into the thermoelectric elements 
and generator hardware less the electrical 
output. In this case, the heat input to 
the radiator is 127.5 watts from the 
thermoelectric generator plus 10 watts 
hardware conduction loss for a total of 
137.5 watts. 

The familiar Stefan-Boltzman radiation 
law provides the basis for sizing the 
radiator. 


Qw =A,eo( 1 T;*) 
where 


Qw=waste heat to be dissipated =187.5 
watts 

A,=area of radiator in sq ft 

e=effective emissivity =(1 /e,+1/e;—1)— 

€r =emissivity coefficient of radiator surface 

€s=emissivity coefficient of sink surface 
7=radiator temperature = 543 K 

Ts=sink temperature =288 K 


Since the radiator is shaded from the 
sun by the sink, minimum area will be 
obtained with highly emissive surfaces. 
Emsisivity tables show that surfaces with 
emissivities in the order of 0.9 can be ob- 
tained with lampblack carbon. 

The required area of the radiator was 
calculated to be 56.7 square inches. 
The radiator was made as a plate 2.8 
inches wide and 20 inches long. For 
structural reasons, the thickness of the 
radiator could not be made less than 1/8 
inch. With power inputs of approxi- 
mately 70 watts/ft and material thick- 
ness of 1/8 inch, the conductor tempera- 
ture drop should be small, and no allow- 
ance is considered necessary to account 
for varying radiator temperatures. 


TEST PROGRAM 


The test model will be subjected to a 
series of tests designed to determine the 
performance of the system and to in- 
vestigate the optical, thermal, and elec- 
trical problems. Theoretical considera- 
tions will be proved or disproved or other- 
wise evaluated by comparing calculated 
results with experimental data. The ex- 
perience gained in designing, construct- 
ing, and testing this small model will be 
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of considerable benefit in future solar- 
thermoelectric work. 


Conclusions 


This paper discusses some design con- 
siderations and problems that will be en- 
countered in designing a solar-powered 
space thermoelectric generator. Results 
of some studies are presented and a test 
model of a solar-powered thermoelectric 
generator is described. 

It appears that a solar-powered thermo- 
electric generator is feasible and may have 
considerable potential as a secondary 
power source for future space vehicles. 
There are many problems which must be 
explored but these problems appear to be 
solvable with further engineering effort. 
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Some Effects of Hypersonic lonization 


on the Design of Electrical and 


Electronic Components 


W. B. SISCO 


NONMEMBER AIEE 


EHICLES traveling at hypersonic 

velocities in a gaseous atmosphere 
will be surrounded by a shock-induced 
high-temperature sheath. As a result 
of the high temperature, the gaseous 
sheath has an electron density greater 
than that of the ambient atmosphere. 
Since the craft will be immersed in a 
high-temperature envelope, both it and 
its components will be subjected to 
unusual temperatures. Fig. 1 indicates 
the way in which the air temperature and 
density varies from the shock front to 
vehicle surface for a given velocity and 
altitude. 

Currently designed aircraft have tem- 
peratures up to 1,000 K (degrees Kelvin) 
over a majority of the surface. This 
raises the temperature of interior com- 
ponents to 1,000 K unless a special design 
is used. As a consequence, emphasis is 
being placed upon the design of high- 
temperature electrical and _ electronic 
components or on means to protect these 
components from the hot environment. 

In addition to the high-temperature 
effects, ionization itself directly affects 
systems on the vehicle, on other vehicles, 
and on the surface of the earth. 
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J. M. FISKIN 


NONMEMBER AIEE 


On the aircraft the ionized sheath 
surrounding the vehicle may cause the 
following results: 

1. Malfunction or inefficient operation of 
electronic equipment due to the deviation 


of the radiation resistance from free-space 
values. 


2. Increase in the open-circuit noise in 
receiver systems. 


8. Change in the voltage breakdown 
properties from ambient properties. 


4. Modification of propagation character- 
istics of the media. 


At locations distant from the vehicle two 
changes will occur. These are: 


1. A variation in the radar cross section of 
the craft. 


2. Enhanced response to passive detection 
devices due to radiation from the hot gases. 


Temperature Effects on Equipment 


Initially, the design of high-tempera- 


ture electrical and electronic systems will 
be based on the prevention of the hot 
environment from reaching the compo- 
nents. One approach to this is to place 
the equipment in cooled compartments 
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with only the components able to fur 
tion at high temperatures external to tif 
compartments. 

The design of the compartment so # 
it will perform its protective funet 
becomes important. One such arra 
ment is shown in Fig. 2. Essential 
the result of such a configuratior j 
to make it necessary to remove only tit 
heat rejected by the operating equipm o 
and the heat transferred from 373 
[212 F (degrees Fahrenheit)] to 31¢ 
(100 F) through the insulation. This 
be done by refrigeration or by bloy 
cool gases over the equipment. 


isolation transformers, wiring, coa 
cables, waveguides, etc., will probably I} 
located at points in the vehicle that a 
inaccessible to practical cooling. A 
result, they will have to function 
temperatures up to 1,000 K. The de 
of these components will have to rely 
materials having the required elect 
properties such as dielectric consta 
dielectric strengths, conductivities, 
at these high temperatures. Pret 
indications are that this has been accor 
plished in many cases. The liberal use’ 
ceramics as dielectric and _ struct 
material has increased the high-temp 
ture capability of many passive ¢ 
ponents. The white noise in the sys 
will increase with the temperature, I 
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SHOCK FRONT —> .495 


DISTANCE OUT FROM SURFACE -FT- 


. 1. Temperature and density ratio at various distance 


from surface 


Altitude = 260,000 feet 


po= density at standard pressure and tempera- 


ture 
Ui =25,000 fps 
X=9 feet aft of L.E. 


_ Fig 2 (right). Example of a protected compartment 


sr, and the high-temperature system’s 
nal-to-noise ratio will decrease. 


ation Effects on Equipment 


DIATION IMPEDANCE 


Because the dielectric constant of the 
dium surrounding the vehicle is not 
nal to that of free space, the radiation 
istance of antennas attached to the 
ace of the vehicle can differ signifi- 
tly from their free-space values. 
ese variations will not necessarily 
fain constant with time. Unless this 
jation-resistance variation is compen- 
ed, it could result in the malfunc- 

or inefficient operation of electronic 
tipment. These impedance changes 
1 be obtained approximately by classi- 
EM (electromagnetic) theory pro- 
ed the geometry of the sheath is 
wi. 


ISE IMPEDANCE 


ll of the vehicular antennas are sur- 
nded by a conductive medium at 
atively high temperatures. The real 
pedance, as differentiated from the 
ation impedance, appearing across 
antenna terminals will depend on the 
metry of the antenna feed points, the 
pe of the shock-wave sheath and the 
ductivity and dielectric constant of 
plasma. The resistive part of this 
bedance, which can be considered in 
fallel with the modified radiation re- 
lance previously discussed, will gener- 
an open-circuit noise voltage over a 
le-frequency spectrum. If there are 
telatively strong EM fields present 
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COMPARTMENT COOLED 
BY FLOWING GAS 


COMPARTMENT WALL ~ 310° K (100° F) 

LIGHT WEIGHT LOW TEMPERATURE INSULATION BLANKET 
WATER JACKET INNER WALL ~ 373° k 

TURBULENT FLOW BOILING WATER ~ 373°K 

WATER JACKET OUTER WALL > 373° K 

LIGHT WEIGHT HIGH TEMPERATURE INSULATION BLANKET 
VEHICLE OUTER WALL ~ 1000° K 


within the medium, the noise power will 
be proportional to the electron tempera- 
ture, i.e., the temperature of the shocked 
air. Strong EM fields, for instance, 
those produced by high-power radar sys- 
tems, yield effective electron tempera- 
tures significantly above the thermal 
values resulting in even larger noise- 
power outputs.! Generally, the noise in 
the receiver systems will be increased 
as a result of the hot gases surrounding 
the vehicle. 


VOLTAGE BREAKDOWN 


High-temperature air is basically differ- 
ent from air at standard pressure and 
density. The extent of the difference 
depends on the temperature which de- 
termines the quantitative amounts of 
dissociation, ionization, and formation of 
new products taking place. It is to be 
expected then that the voltage breakdown 
properties would differ from ambient air. 
Theoretically, the breakdown properties 
could be obtained since the composition 
of the air is known. Practically, the 
calculation of ionization and excitation 
rates is difficult and experimental meth- 
ods are usually employed.? The problem 
is thus one of maintaining the air at the 
desired temperature and density for the 
experiment. 


RADAR CROSS SECTION 


Air and ground detection and tracking 
systems will also be affected by the ioniza- 
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tion present in the sheath surrounding the 
vehicle. Fig. 3 is a plot of the electron 
density and plasma-resonance frequency 
as a function of temperature for various 
ratios of shocked-air density to standard 
temperature and pressure-air density. 
Fig. 4 is a combination of Figs. 1 and 3 
showing the way that the plasma- 
resonance frequency, which is propor- 
tional to the square root of the electron 
density, varies across the sheath. 

The shock-ionized layer may be con- 
sidered as an extension of the vehicle for 
incoming EM radiation at frequen- 
cies in the neighborhood or lower than 
the critical frequency of the plasma. 
Additionally, if recombination times are 
long, an ionized wake may also be present. 
This, in effect, changes the shape and the 
radar cross section of the vehicle for some 
frequencies. Again, this variation can 
be approximated if the shape of the sheath 
and wake are known. 

Radiation from the ionized sheath may 
be roughly classified as classical and 
quantal. Accelerations and deaccelera- 
tions of the electrons within the gas will 
yield radiation similar to that produced 
in antennas. Rotation, vibration, elec- 
tronic excitation, and recombination of 
electrons with positive ions will produce 
quantal radiation in the microwave, 
millimeter, infrared, visible and ultra- 
violet ranges. Thus, the tracking of the 
vehicle by passive detection systems will 
be enhanced. 
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Basic Design Parameters 
Treating the ionized sheath as an 


ionosphere surrounding the vehicle, the 
propagation and reflection characteristics 
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Fig. 3 (above). Critical frequencies 
for high-temperature air 


Fig. 4 (left), Plasma resonant fre- 
quency at various distances from sur- 
face, 9 feet aft 


of the medium can be determined by em- 
ploying classical EM theory.3~4 

Some of the terms used previously are 
not generally thought of as design terms 
to be applied to electrical and electronic 
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systems. Since many of the effects men) 
tioned before are dependent on the e 
tron density, heavy-particle density, 
temperature, it will be necessary to k 
these values. It would be desirable 
be able to obtain those values from a 
dynamicists or some other group as 
sociated with the over-all hypersoni 
vehicle design. However, at temp 
tures below 5,000 K the electron dens 
which is very important to the electr 
and electronic systems, is generall 
negligible factor in their design consider 
tions. Therefore, the electrical engine 
is faced with learning a new field in or 
to obtain design requirements. It 
desirable to review briefly the prine’ 
theory by which the high tempera 
and electron density are determined. 


COMPOSITION AND ENERGY OF GAS 
BEHIND A SHOCK WAVE 


For most aerodynamic shapes 
equilibrium composition of the gas 
the temperature from the shock front 
to the boundary layer (a narrow la 
adjacent to the skin of the vehicle) 
be obtained. Under some conditions, 
boundary-layer composition can 
be calculated. .The necessary fundam 
tal concepts and equations will be bri 
outlined in the following. A more del 
tailed account can be found in reference 

From an aerothermodynamic sté 
point the problem is essentially one 
conserving mass, momentum, and energy 
flow across the shock front. Expres 
mathematically, conservation of n 
flow is: 


pi U, 


py Uy = 
conservation of momentum flow is: 
P1—Po= py Uo Uo— Ui) 


and conservation of energy flow is: 
i 1 
SBA Se OS Foy Park Uae 
and 
1 
lites, (Pi—Po)(71+70) 


where 


p=density (mass/unit volume) and 1/@/ 
(specific volume) = 7 
U=streamwise flow velocity normal 
shock front 
P =pressure 
E=internal energy/unit mass (function 
T, temperature) 


Zero subscripts indicate the unshoe 
or ambient gas; a one _ signifies 
shocked gas. 

The shock front, which separates 
ambient air from the shocked air, 
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TIAL STATE 
aS 


FLOW VELOCITY) 
ot 

DENSITY)» 

PRESSURE) 


TEMPERATURE) 


INTERNAL ENERGY 
IT MASS) 


SHOCK FRONT 


considered as a transformer in that 
changes the temperature, density, 
ssure, internal energy, and streamwise 
ocity to different values. These trans- 
mations are conveniently shown in 
.5. Itis noted that all the values, with 
exception of the streamwise velocity, 
ease as the gas flows through the shock 
nt. This, in effect, means that energy 
he streamwise flow is converted into 
prnal energy and compression of the 
An idealized picture of how this 
bamwise flow energy is converted 
) the various modes of internal energy 
hown in Fig. 6. In Fig. 7 the geom- 
y of a shock wave surrounding a 
surface is shown. 

quations 1, 2, and 38, in conjunction 
h the perfect gas law, 


= =njk T, (4) 
ore 


number in volume 7 of species 7 
Boltzmann’s constant 


m can be solved for a vehicle traveling 
a specified altitude and velocity pro- 
ed the composition and the number of 
rgy modes present remain the same 
both sides of the shock front. In the 
h’s atmosphere, for air, this would 
an that dissociation and ionization 
not occur and vibrational and elec- 
nic states are not excited. For even 
tively low hypersonic velocities, how- 
, the temperature 7; of the shocked 
is sufficient to dissociate, ionize, and 
te the particles in the gas. To satisfy 


AMBIENT 


6. The 
k front cross 
section 


TEMPERATURE 


translation 


= dissociation 
Fionization 
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SHOCKED STATE 
SSeS Se 


Fig. 5. Flow equations in a 


normal shock wave 
Ul < Ue 


A> P, 
PY? 
La 


E\» E, 


the conservation equations under these 
conditions, the composition of the gas 
behind the shock must be known. 

The composition (number density) of a 
gas at a specified temperature and den- 
sity or pressure can be determined em- 
ploying the principles of physical chem- 
istry and statistical quantum mechanics. 
The first step in the numerical calcula- 
tion of the concentration is to postulate 
the chemical reactions taking place within 
the hot shocked air. As a simple ex- 
ample, if air were considered to be at 
3,000 K or below, the following group of 
equilibrium relations would generally 
be valid. 


NoeN +N (S) 
0.%20+0 (6) 
NO@N +0 (7) 
NO@NO*-+e- (8) 


Equations 5 and 6 are usually sufficient 
to determine the aerothermodynamic 
properties of the gas. However, since 
the electron density is the primary re- 
quirement, equations 7 and 8 must also 
be included. The inclusion or exclusion 
of an equation depends on whether or not 
it will significantly affect the aerother- 
modynamic properties or the number 
density of the particular species required. 

Associated with each chemical equation 
is an equilibrium constant, K, which can 
be related to the concentrations and parti- 
tion functions of each particular species 
by the law of mass action. Thus, 


SHOCK FRONT 


oo LOISTANCE 
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IRROTATIONAL 
FLOW FIELD 


BOUNDARY LAYER 
FLAT PLATE 


V, (AIR VELOCITY) 


Fig. 7. Flat plate aerodynamic conditions 
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SS Van eon (=). ae 
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RT Te ae (+). Seay 
_INII0]_(PP)y(PF)of/_1_\ - 
‘5— NOT 7 aE Ne (=). oD) 

_{NO+}le]_(PPwoH(PPe- 
* [NO] (PF no 
mal (12) 
where 


K =equilibrium constant 

par=ratio of actual density to standard 
density 

L=number of air atoms at standard density 

k=Boltzmann’s constant 

Q=energy of dissociation, formation, and 
ionization 

[ ]=concentration (ratio of number of atoms 
of a particular species, such as N, to 
total number of atoms present) 


The total partition function (PF) is 
a function of T and can be written very 
generally as: 


(PF) = (PF translational x (PF rotational X 


(PF) vibrational X (Uz F electronic (13) 


where the partition functions for the 
various energy modes can be obtained 
from statistical quantum mechanics® and 


IRROTATIONAL 
FLOW FIELO 
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experimental spectroscopic data.7~1!_ The 
(PF), when calculated, and the energy 
of reaction, Q, yield the equilibrium con- 
stants in equations 9, 10, 11, and 12. 

Three additional equations involving 
the concentrations are also required. 


2[N2]+2[02]+2[NO]+2[NO*]+[N]+ 
[O]+ [e—]=1.000 
mass conservation (14) 
2[N2]+VO]+ [NO*]+IV] _ 
2[02]+[VO]+[NO*]+ [0] 
material balance conservation— 
ratio of nitrogen to oxygen atoms 


[VO*]=[e"] 


(15) 
charge conservation (16) 


The seven equations 9, 10, 11, 12, 14, 
15, and 16 form a set containing seven 
unknowns, the concentrations, []. The 
simultaneous solution of this set yields 
the desired concentrations and hence 
the composition of the gas. 

The total energy of the shocked gas 
including the amount necessary to dis- 
sociate, form, and ionize can be obtained 
once the composition and (PF)s are 
known. Thus, 


E=Epart +(Ediss— E form) +LEion (17) 


Here Eyart is the total internal energy 
of the particles and includes translational, 
vibrational, rotational, and electronic 
modes and is given by: 


P ; fe) 

Epart = é nyt 1n (PF); 
ji 

where j identifies the species of the par- 


(18) 


ticle (ie., N, Oz...) and 7 the electronic 
energy level of the species. The dis- 
sociation energy is simply the number of 
particles that dissociate times the dis- 
sociation energy Q. Identical procedures 
are used for the ionization and formation 
energies. 

In obtaining the composition the 
shocked-air temperature and density 
were assumed to be known. Actually, 
they can only be obtained by satisfying 
the flow conservation relations, (equa- 
tions 2, 3, and 4). The flow-conservation 
equations can only be satisfied if the 
composition is known. To resolve this 
problem, some type of an iterative pro- 
cedure is usually adopted. Probably the 
easiest method in most cases is to com- 
pute the composition over a wide range 
of shocked-air temperatures and den- 
sities and then use an iterative procedure 
to satisfy the conservation equations for 
a range of ambient velocities and altitudes 
(densities). The composition tables of 
Gilmore? 12 have been recently extended 
to include electron densities down to 
1,000 K. 


Conclusions 


Some effects of temperature on equip- 
ment and the equipment’s environment 
have been presented. Special emphasis 
has been placed on a new field of knowl- 
edge required by the electrical engineer 
in the design of systems for hypersonic 
aircraft. 


Functional Cycling to Assure Reliability 


of Aircraft Control Equipment 


R. E. HULSEY 


ASSOCIATE MEMBER AIEE 


HE COMPLEXITY of present-day 

high-performance aircraft and mis- 
siles is demanding better reliability of its 
various subsystems. A considerable 
amount of the equipment, such as 
guidance and flight control equipment, 
depends entirely upon the electric power 
system. Therefore, the electric power 
system is of primary importance in the 
over-all reliability of the aircraft. 

The reliability of the electric power 
system may be increased by paralleling 
more than one source of power. When 
two or more generators are operated in 
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L. L. KESSLER 


AFFILIATE AIEE 


parallel, a method must be provided to 
control these generators and their as- 
sociated circuit breakers. This is a func- 
tion of the control panel. A dependable 
electrical system therefore demands a 
control panel with a very high degree 
of reliability. 

To obtain the high degree of reliability 
required, reliability must be designed into 
the control unit. This necessitates that 
reliability be considered in component 
design, circuit design, mechanical de- 
sign, and manufacture. Even when the 
best efforts of component design en- 
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Block diagram of functional cycling 
equipment for semiconductors 


ypical Control Panel 


The basic functions of a control and 
otective panel are those of opening and 
bsing the field of the generator and 
pervising the opening and closing of 
e generator circuit breaker. In a par- 
lel generator system, supervising the 
pening and closing of the bus tie circuit 
eaker is another basic function. In 
der to perform these control functions 
a logical manner, a control and pro- 
ction panel must sense voltages and 
trents throughout the electrical system. 
hese various voltages and currents are 
easured, compared with standards, 
ne delayed if necessary, mixed in logic 
reuits, amplified, and finally used to 
form the necessary control functions. 
he panel protective functions may in- 
ude such circuits as overvoltage protec- 
on, undervoltage protection, over- 
citation protection, underexcitation 
‘otection, underspeed protection, under- 
quency protection, stability protec- 
n, negative sequence protection, and 
ferential current protection. The panel 
mutrol functions may include lockout 
cuits to prevent cycling of circuit 
eakers and a circuit for automatic 
nralleling of generators. To meet the 
e, weight, environmental and re- 
ability requirements of present-day 
gh-performance aircraft, circuits utiliz- 
g static components, stich as transistors, 
nitrol rectifiers, and diodes are used in 
a of electromechanical devices. 
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Fig. 2. Functional cycling equipment for semiconductors as described in Fig. 1 


Verifying the Need for Functional 
Cycling 


It is well known that electronic com- 
ponents exhibit the characteristic of a 
high initial failure rate. In connection 
with the development of new products 
utilizing semiconductors, extensive studies 
were conducted on semiconductors to 
determine their initial failure rate charac- 
teristics. As a part of these studies, 
extensive life tests of semiconductors 
were conducted. In order to predict the 
reliability of production control equip- 
ment with some degree of accuracy, life 
tests on representative quantities of 
semiconductors were necessary. Re- 
liability studies on pilot production com- 
ponents and equipment were inconclusive 
and could not be used as a basis for pre- 
dicting the reliability of later production 
equipment. 

To study the early failure rate of semi- 
conductors, tests were conducted on 
representative quantities of each type, 
rating, and manufacturer used in the 
equipment. Each diode was operated 
as a half-wave rectifier on a 400-cps 
(cycles per second) alternating current 
source at its rated average forward cur- 
rent and maximum peak inverse voltage. 
The average forward voltage drop and 
average reverse leakage was measured 
periodically and all diodes were monitored 
to detect catastrophic failures. Each 
transistor was operated as a switch with 
rated collector voltage when not conduct- 
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ing, and rated collector current while con- 
ducting. During the tests each transistor 
was operated conducting half, and not 
conducting half, of each hour. The leak- 
age, direct current gain, and saturation 
resistance were measured periodically 
and all transistors were monitored to 
detect catastrophic failures. Each semi- 
conductor was operated for a minimum 
of 200 hours. 

The results of the studies showed the 
characteristic of a high initial failure 
rate. The majority of early catastrophic 
failures occurred during the first 100 
hours of operation. These results were 
presented to semiconductor manufac- 
turers and arrangements were made to 
age all semiconductors prior to delivery. 
It is impractical to age all semiconductors 
electrically, therefore, extreme tempera- 
ture aging and cycling is being used by 
semiconductor manufacturers. To as- 
sure proper aging, samples of each semi- 
conductor shipment are electrically aged 
(functional cycled) as described else- 
where in this paper. 

The first pilot production equipment 
had a mean-time between failure of 
80 hours. Since this equipment did not 
have aged semiconductors, a low mean- 
time between failure in early life would 
be expected. To eliminate these early 
random failures, each piece of pilot pro- 
duction equipment was functional cycled 
for a minimum of 200 hours. 

Production equipment with aged semi- 
conductors was functionally cycled for 
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comparison with pilot production equip- 
ment. This comparison showed a con- 
siderable reduction in failures but random 
failures still occurred. Further inves- 
tigation showed that some early failures 
are inevitable as a result of manufacturing 
processing even when extreme care is 
exercised. The failures are of the nature 
that cannot be detected visually or by 
short time functional tests. Therefore, 
the only satisfactory means for eliminat- 
ing these random failures is to functional 
cycle each unit for a minimum of 100 
hours. Data from the functional cycling 
test are continually surveyed to es- 
tablish improved procedures. 


Functional Cycling Equipment 


Many factors must be considered in 
the design of functional cycling equip- 


A-C SUPPLY 
400 CPS 


Fig. 4, Block dia- 
gram of functional 
cycling equipment 
for control panels 
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STAND-BY POWER 


Fig. 3 (left). 
Punch card con- 
trolled compo- 
nent tester. 
Zener diodes are 
being tested 


Fig. 5 (right). 
Functional cy- 
cling equipment 
for control panels 


as described in 
Fig. 4 


ment. The design of the equipment must 
be flexible, in that it can be readily 
adapted to newtypesof controlequipment. 
It is desirable that it be built in module 
form so that it may be easily maintained. 
The equipment should be as automatic 
as is economically possible, providing 
unattended operation and including self- 
checking features. Due to the great 
number of operations that this equip- 
ment must perform, it must be designed 
with the greatest reliability attainable. 
Because of the differences between semi- 
conductor component and control equip- 
ment cycling, two basic types of func- 


tional cycling equipment were required. 


The functional cycling equipment for 
semiconductor components is shown in 
Figs. 1, 2, and 3. It was found con- 
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i MEASURING UNIT 
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CABINET 


SELECTOR a 


components into three categories fo 
cycling equipment. These categories 
transistors, rectifiers, and zener diode 
All components are mounted in pl 
trays for cycling. These trays can f 
removed from the cycling racks and 
serted into automatic test equipr 
which tests all components on the & 
automatically. 

Transistor cycling is accomplishes 
by applying a constant direct-curren# 


collector continuously. The transist 
is conducting half of each hour and 
controlled by a timer operated fr 
through a base-drive limiting resistor 
Rectifier cycling is accomplished by i: 
plying a 400-cycle alternating-curre 
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ply through a load resistor to each 
de. Each plug-in tray has a variac 
adjusting peak inverse voltage and is 
nected so half of the diodes conduct 
each half-cycle. Zener diode cycling 
accomplished by applying a constant 
ect-current voltage supply through a 
resistor to each zener diode, the 
depending upon the zener voltage. 
ese trays are very flexible since all 
ent limiting resistors are mounted 
the plug-in trays. 

ach tray of semiconductors is checked 
automatic testing equipment at the 
i of each 24 hours of cycling. The test- 
procedure for the automatic equip- 
nt is controlled by punched cards. 
is equipment scans each position within 
plug-in tray. If a bad component is 
nd, the scanner stops and indicates 
position of the bad component. This 
ipment checks a plug-in tray of 20 
aponents in less than 1 minute. 

The functional cycling equipment for 
complete control panel is more com- 
xX since many control and protective 
nctions must be cycled. A block dia- 
m of the functional cycling test set is 
pwn in Fig. 4. For purposes of dis- 
ssion, the functional cycling equipment 
1 be divided into four categories. 
ese categories are power supplies, con- 
1 and measuring devices, sequencer, 
d control panel mounting. 

At the present time there are three 
bes of power supplies required for cyling 
tic control panels. A direct-current 
nstant-voltage power supply, a 3-phase 
-eps constant frequency and voltage 
oply, and a 3-phase modulated supply 
ained by modulating the 3-phase 
istant-frequency power supply. This 
dulating device can be controlled to 
vide amplitude modulation between 
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6. This curve demonstrates the improvement in control panel reliability as a result of func- 
tional cycling 
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The sequencer is used to connect the 
control and measuring device to a par- 
ticular panel. The sequencer records 
each complete cycle on a counter, trans- 
fers the panel to stand-by power until the 
next cycle and steps the control and meas- 
uring device to the next panel. The 
panels which fail on any individual step 
during the cycle are completely discon- 
nected from the two power sources and 
the failure is indicated by means of a lamp 
on the sequencer. The sequencer is 
timed in such a manner that each panel 
is functionally cycled once each half hour 
regardless of the number of positions used. 
If desired, a panel may be selected and 
cycled manually. Associated with each 
sequencer is a cabinet containing a quick- 
eject rack with the proper connector for 
the panel to be cycled. One complete 
cycling unit is shown in Fig. 5. 
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zero and 40%. The various 3-phase 
alternating-current voltages required are 
obtained by using two transformers and 
an auto transformer for each phase. The 
secondaries of these transformers are 
tapped in such a manner that any voltage 
between zero and 199.5 volts line-to- 
neutral can be selected in half-volt steps. 

The control and measuring device is 
the heart of the functional cycling equip- 
ment. This device controls the operation 
of the other units in the test set. A typi- 
cal control panel requires approximately 
120 individual steps for cycling. This 
control and measuring device will perform 
the 120 individual steps in less than 21/2 
minutes. This control and measuring 
device is composed of a master control 
unit and a selector programmed for each 
particular control panel. The master 
control contains the basic bridges, the 
time delays and the means for stepping 
the selector. The selector is programmed 
to choose the basic bridge, complete this 
bridge, select the proper terminals of the 
control panel, and select the proper power 
supply. Different programmed selectors 
may be easily connected to the master 
control unit. 


Results of Functional Cycling 


Functional cycling is provided today’s 
aircraft and missiles with the most ad- 
vanced and reliable control and protective 
panels ever used. Users of a typical con- 
trol and protective panel have accumu- 
lated 16,632 panel-hours to date. Fail- 
ures have occurred, but the mean-time 
between failures is over 4,000 hours com- 
pared to 80 hours prior to functional cy- 
cling (see Fig. 6). The functional cycling 
equipment is presently providing reli- 
ability data at a rate of 650,000 semi- 
conductor hours per month. These data 
are being accumulated and compiled on a 
computer. Continued study of the re- 
sults of functional cycling is providing in- 
formation for improving component and 
control panel design and manufacture. 
These improvements will continue to in- 
crease the mean-time between failures of 
control and protective panels. There is 
a 10,000-hour life test program in prog- 
ress on a particular 2-generator parallel 
system to further study the increased re- 
liability resulting from functional cycling. 
Table I is a tabulation of data from a 


Table I. Mean-Time Between Failures for Different Cycling Periods 
Cumulative 
Period Hours Per No. of Panels Cumulative Period MTBF 
(Hours) Panel Involved Panel Hours (Hours) Remarks 
Oita Zon eer PAS 6 CMON he SSiscr ote PAA Wy dofrrem te aca cnin 520s. First 25-hour cycling 


period (panels had 
cycled components) 

26 to 50.) s sons EQS aint ev stevae BS ares ciontee AS LOO ep ketsoniek> AS 3 te Second 25-hour cycling 
period (panels had 
cycled components) 

LEO Vereen as Web are tata tet atay baste ocd SBic cess + acieieaene GisZ25 A iter eetenuchs 41D). cape ~.Third 25-hour cycling 
period (panels had 
cycled components) 

7ELCOnLOO pterdake VODs move ereutheks 8S eter. era 8 8007 me crinaase SOM ccs oie Fourth 25-hour cycling 
period (panels had 
cycled components) 
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representative sample of one type of con- 
trol panel. These data on 83 panels were 
accumulated during the 100-hour cycling 
period. The table shows a significant in- 
crease in the mean-time between failure 
during the fourth 25-hour period as com- 
pared to any previous 25-hour period. 
A 100-hour cycling period is adequate for 
this panel. Another panel, depending 
on its complexity and on the reliability of 
the components, may require a cycling 
period of a longer or a shorter duration. 


Conclusions 


The advantages of functional cycling 
as described in this paper are as follows: 


1. Increased reliability of semiconductor 
components, 


2. Increased reliability of equipment utiliz- 
ing semiconductor components, 


8. Increased reliability of the over-all air- 
craft electric power system. 


4, A method is provided for continually 


improving reliability by the study of data 
from functional cycling. 


Functional cycling is a means by w 
equipment utilizing semiconductors 
be manufactured to meet today’s relig 
bility requirements. 
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High-Speed Restarting and Protection 
of Large Synchronous Motors 
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WESTERN refinery was adding a 

new catalytic reformer unit to exist- 
ing facilities. The chemical process in- 
volved, which had a platinum catalyst 
worth $250,000 in suspension, was de- 
pendent upon mechanical power to a 
compressor. This wasa vital drive where 
loss of mechanical power for a short time 
meant loss of the catalyst as well as loss 
of production. 

The use of a steam-driven compressor 
backed up by a steam or electric motor 
driven stand-by unit is a well-tried solu- 
tion to such a situation. However, ade- 
quate capacity was not available from 
the existing facilities, and the addition of 
the necessary boiler capacity meant a 
capital expenditure of about $300,000. 

Hence, the question was asked: Could 
power continuity be achieved electrically ? 
Two separate reclosing sources of power 
were to be supplied by the utility and the 
user assumed the risk of an extended 
simultaneous loss of power on both utility 
feeders. After a cost study of the various 
combinations of electrical drives, three 
synchronous motors were selected. All 
three were needed for peak production, but 
only one was necessary to preserve the 
catalyst; this represented a double stand- 
by at the drives. The question now be- 
came: What would be the additional cost 
to achieve short-time continuity of the 
distribution system between the two 
power sources and the three drives? Cost 
estimates indicated that this could be 
done for between 10% and 20% of the 
steam stand-by, and the decision was 
made to go ahead. 
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M. H. YUEN 


ASSOCIATE MEMBER AIEE 


The decision to use synchronous motor 
drivers with a goal of short-time con- 
tinuity brought with it a series of consider- 
ations involving motor protection. Con- 
siderable concern has been centered about 
possible physical damage to large motors 
where a substantial residual voltage and 
high-speed restarting and/or a reclosing 
source are coincident. (See the refer- 
ences.) 

Hence, two programs exist: First, high- 
speed restarting to achieve process con- 
tinuity and, second, adequate motor pro- 
tection. This paper demonstrates, with 
an oscillographic record of successful 
operation, an electrical solution of these 
two coincident problems. 


System Layout and Equipment 


Fig. 1 is the refinery electrical 1-line 
diagram. Two separate source feeders 
with reclosers are both energized but 
only one source energizes the main re- 
finery bus. Ifthe normal utility source 
fails entirely, a 1.3-sec (second) throw- 
over to the other source is actuated, re- 
energizing the main refinery bus. Note 
that both feeders to the catalytic reformer 
are normally closed, and that, hence, a 


utility power discontinuity appears as a ° 


momentary complete loss of power to the 
catalytic reformer. This refinery sub- 
station is modern drawout switchgear 
and is rated AM-13.8-250 megavolt- 
amperes. 

Fig. 2 shows the catalytic reformer 1- 
line diagram. Here the intent was to 
provide functional duplication of all 
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equipment, such as equipment which 
would automatically insure mechanical 
power to the compressors even though ; 
failure of any piece of equipment or c¢ 
were to occur. Second-order failures: 
were considered but not provided for ing 
all cases. 

The new 4.16-kv drawout switchgear is} 
rated AM-4.16-150 megavolt-ampe . 
It is fed by two 1,500-kva transformers’ 
rated 12-kv delta to 4.16-kv Y, in ones 
line-up. A 4.16-kv bus is connec 
overhead to a Limitamp starter line-up‘ 
conventional design. The synchronous| 
motors all are rated 600-horsepower, 1.0 
power factor, 400-rpm, 4,000-volt, 69.3-3 
ampere full load, 50-degree-centigrade 
temperature rise, force-ventilated, wit 
separate motor-generator set excitatio: 
and 8,500 lb-ft? (pound-feet?) iner 
The compressor is a positive-displ 
ment horizontal opposed-compres 
frame with 1,000 lb-ft? inertia. The 48 
volt auxiliaries are fed by a conventionaly 
double-ended load center with each endé 
rated 750-kva, 12-kv delta to 480-volt! 
delta. Conventional magnetic drawoutt 
air circuit breakers were used at the 480-) 
volt level with a 1-sec time delay throw 
over between the main secondary breaker: 
and the bus tie breaker. This thro 
over combined with a lack of under va 
age protection for the individual ex 
motor-generator sets assures excitatic 
power if there is voltage from either 480 
volt switchgear bus. Conventional m 
tor control centers were used. Witt 
out exception, all equipment was of out 
door weatherproof construction. 

Figs. 3 and 4 respectively illustrate t 
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Fig. 1 (above). Over-all refinery 1-line diagram | 


Fig. 2 (right). Catalytic reformer 1-line diagram 


p-and-close circuits of 52-1 and 52-2, 
d the simplified plant shutdown circuit. 
ae philosophy of this relaying is based 
power continuity being maintained 
these synchronous motors at any cost 
ort of destroying the motors. 
An important risk to the running motor 
bm a high-speed reclosure of a source is 
isting a shaft or distorting a winding. 
he best assurance against such a failure, 
this writing, is to remove, somehow, 
= motors from the bus before a reclosure 
n re-energize the motors. This was 
me with a relay tripping 52-1 and 52-2 
er the initial opening of the source 
paker. The relay chosen here was a 


neral Electric Company type CFFI3A 
rh-speed underfrequency (81) relay. 
was originally set at 58 cps (cycles per 
ond). 


N.O. 


FEEDER 
NO. 2 


SEE FIG. 1 


12 KV 
N.C. 


STARTERS 


SYN. MOTORS 


AUTOMATIC THROW-OVER CONTROL 


Ay. 480. BUS peice 
homme arse oi 


EAS AS 
vee v 


MISC. 
MOTORS 


Once 52-1 and 52-2 are open, conditions 
on both sides of these circuit breakers 
must be returned to normal as rapidly as 
possible in order to initiate restarting. 
The reclosure and/or throw-over upstream 
will restore system voltage to normal any- 
where within 20 cycles to 5 sec after the 
initiating disturbance. 

After an open circuit between the source 
and the motors is established, the motors 
act as synchronous generators; therefore 
the same auxiliary relay 86-1, which is 
initiated by the 8/ that trips the 52-1 and 
52-2, also de-energizes the motor fields. 
This action is quite essential. With field 
applied, the motor voltage will vary al- 
most directly as the motor speed, which 
will show little variation over the short 


59=air circuit breaker 

592/a=air circuit-breaker auxiliary contact 
59/cs=air circuit-breaker control switch 
52/TC=air circuit-breaker trip coil 
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time involved. Without field excitation, 
the motor voltage decay is primarily a 
function of the motor time constant, which 
will usually result in acceptable voltages 
within a time measured in cycles. By 
measurement from the oscillographs of 
Figs. 5 through 11, the time constant, 
represented by the time required for the 
armature voltage to decay from very 
nearly full voltage to 36.8% or 1/e pu 
(per unit) when the field is removed, is 
in this case 0.153 sec. In order to check 
this action, a 3-phase residual relay 
on the first motor to restart acts as a 
lockout of the starter until this motor’s 
residual voltage decays to 25% of normal. 
The other two motors are restarted upon 
a signal from timing relays set much 
longer than the time required for the 
residual voltage to reach 25% of normal. 


Fig. 3. Simplified breaker trip-and-close circuits of 52-1 and 52-2 


erose. $ + 50/67 =phase directional overcurrent relay, instantaneous and inverse 
capl79 [79x 152 86T pie 
CAP Tr: T A 
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51=phase overcurrent relay inverse time 
86T/HR=lockout relay, hand reset 
86-1 =plant shutdown auxiliary relay 


79 =single-shot reclosing relay 
79X =reclosing auxiliary relay 
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Since the starter’s drop-out time after 
de-energizing its control circuit is in 
the order of 3 to 5 cycles plus a possible 
10-cycle arcing time, 52-1 and 52-2 could 
have a single 15-cycle time delay reclosure 
to ready the motor bus for restarting. In 
designing the relaying it appeared at first 
as though the tripping and reclosing of the 
4,16-kv breakers could be omitted in favor 
of simply opening the starter contactor. 
However, the uncertainties of contactor 
opening time plus a desire for positive 
operation resulted in the decision to use 
the deliberate and predictable action of 
the breakers. The problem can then be 
demonstrated with: 


1. A system layout with adequate stand- 
by capability such as that illustrated in 
Figs. 1 and 2. 


2. Breaker trip and close circuits such as 
that in Fig. 3, illustrating necessary manual 
controls, conventional overcurrent and 
short-circuit protection, and special tripping 
and closing functions. 


8. A shutdown circuit such as illustrated 
in Fig. 4, capable of sensing those condi- 
tions which would necessitate a deliberate 
yet high-speed shutdown and restart. 


4. A modified starter control circuit to 
insure necessary interlocking, early field 
removal, lockout against excessive residual 
voltage, provisions for a loaded stop and 
an unloaded start, and necessary manual 
controls. 


In connection with the designing of the 
special shutdown circuitry, some uncer- 
tainty existed as to whether all the func- 
tions and circuits that the actual installa- 
tion might require could be anticipated. 
Consequently, if the need for a function 
was in doubt, it was included. Ample 
auxiliary relays and contacts were in- 
cluded in anticipation of field modifica- 
tions. This approach turned out happily 


362 


2 


STARTER 
27 


ta 2 


CS-3 


as several field changes were easily and 
quickly made with minimum loss in ex- 
pense and time. Care was necessary to 
avoid contact races, and decisions were 
made concerning the sequence of relay 
events for each of the multiplicity of con- 
ditions that might occur. Those who 
may toy with the idea of trying this 
should realize that it takes a great deal 
of thought and care; simplicity should 
not be anticipated on the first attempt. 

The principal shutdown functions dis- 
cussed in this paper are found between 
points A and B in Fig. 4, and are here 
limited to: 
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Fig. 4. Plant shutdown circuitry 


8611 =lockout relay for 52-1 

86T2=lockout relay for 52-2 

81 =underfrequency relay 

27X =inverse time undervoltage auxiliary relay 
27|X =instantaneous undervoltage auxiliary relay 
86-1 =plant shutdown auxiliary relay for 52-1 
86-1A=plant shutdown auxiliary relay for 52-2 
97 =inverse time undervoltage relay ; 
97] =instantaneous undervoltage relay 
27R=three-phase residual undervoltage relay ; 
27RX =three-phase residual undervoltage auxiliary relay 
83 =unloading auxiliary relay 


_is taken to insure high-speed field 


1. High-speed underfrequency (81). 
2. Inverse time undervoltage (27X). 


3. High-speed undervoltage due t 
upstream fault (86T plus 271X). 


Other, less important, function 
included, though not shown in Fig. 
those attempting this work may find ¢ 
functions special to their con 
Note that in the case of a shutdow 
cause of a fault upstream from the 4.1 
bus, the 4.16-kv circuit breaker ne 
the fault is locked out but the alte 
breaker is permitted to reclose to’ 
rapid restart. ~ ae, 

Regarding the Limitamp start 


and to insure that unloading val 
time to operate before a rest 
three starters make an independ 

restarting in time sequence to rel 
strain on a possibly faltering 


MOTOR NO.2 RESTART! 


sd ate Ration ee 


Peidinontinae 


Fig. 7. 


ther source on another system might 
Mit simultaneous restarting with re- 
al voltage permissive relays on all 


le requirements of the process are 
nent to the question of sequential 
ing. The subject equipment re- 
s all three motors to synchronism 
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Oscillographic test 8, motor 3 restarted 


within 15 sec from the moment of system 
disturbance. Further, this equipment 
could accomplish complete sequential 
starting within 10 sec by simple timer 
adjustment without stress and without 
compromise. This was well within the 
process requirement. 

The equipment performance is demon- 
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strated in the oscillograms of Figs. 5 
through 7, which illustrate a manually 
initiated emergency. Here the 81 device 
was manually closed and the equipment 
made the record shown. It was demon- 
strated that the equipment, when experi- 
encing a frequency disturbance, reacted 
safely and in accordance with its design. 
The last motor was energized and syn- 
chronized within 15 sec. 


It remained to simulate an unpredicted 
emergency; this was done as demon- 
strated in test 9. Figs. 8 through 11 
illustrate test 9, wherein a 12-kv circuit 
breaker acting as a source breaker was 
manually tripped and reclosed some 
150 cycles later. The delay of 150 cycles 
was simply to insure clearing the 81 
operation. Nothing was touched at the 
catalytic reformer and the equipment 
made the record shown. Note the 22- 
cycle reclosing time of the local breaker 
52-2. Also note the difference in char- 
acter in the residual voltage and how 
important it is to remove the field. The 
fact that the motor contactor opened be- 
fore the breaker may be significant in 
future work. If power had returned while 
52-2 was open, as is possible, the 27R 
would have postponed the first motor re- 
start. The motor-starting traces on the 
single long oscillograph (Figs. 8 through 
11) are conventional, and the voltage 
drops are all less than 10%. Note the 
over-all time of less than 15 sec and the 
space in the time sequence which would 
permit an over-all time of less than 10 
sec. Motor speeds were arrived at by 
recording a voltage drop on a portion of 
the motor discharge resistor. This would 
show the slip frequency in the rotating 
field while the motor was accelerating. 
One slip cycle measured in X cycles on 
a 60-cps base gives the per-cent speed at 
the time of re-energizing the motor by the 
equation: per-cent speed=100 (1—1/X). 

Figs. 8 through 11 show that it took 
circuit breaker 52-2 a total of 40 cycles, on 
a 60-cps basis, to separate the motors 
from the failing source. This amount of 
time could be divided into 30 cycles for the 
81 (set to operate at 58 cps) to operate, 2 
cycles to operate the 86-1 device, and 8 
cycles more to open the breaker. During 
this time the motors were acting as syn- 
chronous generators. Had the initial 
disturbance resulted in a 30-cycle reclos- 
ure, it seems clear that these motors in this 
system would have been exposed to the 
risk of shaft damage or winding distortion. 
The test is agood illustration of the condi- 
tions creating the possible hazards of in- 
adequate motor protection. It is these 
hazards which indicated the need for an 
oscillographic record in the work. One 
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Fig. 9. Oscillographic test 9, motors 1 restarted 


of the objectives of the work is an evalua- 
tion of the hazards and a reasonable as- 
surance that they have been overcome. 
The authors believe that this objective 
was obtained in this case, as will be illus- 
trated later in the paper. 

Test 9 was initiated with no electric 
load in the catalytic unit other than the 


three synchronous motors, their exciter 
motor generator sets, and their cooling 
fans. The mechanical load on the motors 
was approximately 10%, consisting largely 
of mechanical and electrical losses in the 
motors and compressor. It was felt 
that these conditions would result in the 
minimum rate of deceleration that could 
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anticipated, it received a good de 


i 


be reasonably expected of the system, 
the motors could be protected durin 
conditions of minimum rate of deceler 
tion, it was believed that the system a1 
relay characteristics would surely 
tect the motors during higher ra’ 
deceleration. 

For those particularly interested 
operation of the 51 device and the 
trical degrees’ separation of the sy; 
chronous motors and source immediate 
after the source breakers opened, Fig 
is offered. It is an enlargement of a px 
tion of Fig. 8. ] 

Fig. 13 depicts the electrical separa 
of all three motors as a group from 
source after the disturbance was ini 
Common polar co-ordinates were us 
the data were carefully measured 
the oscillograph of test 9. Of per 
more value are the same data plotte 
log-log co-ordinates as shown in Fi 
From these curves 4 cps/sec is abo 
minimum rate of change of frequene 
be expected from this system. 

Note in Fig. 14 that the rate of chan; 
of frequency is shown to be con: 
following the first 20 cycles after ini 
the disturbance. Particularly mysterio 
is the nonlinear rate of deceleration dur 
the first 20 cycles. Since this was 1 


7 


attention. Past practice has usually 
to assume a constant rate of decelerz 
until conditions arise where conn 
mechanical and electric loads vary 
linearly at reduced frequency and 
The authors would welcome a clat 
explanation. The significance m za 
that it is possible for some types of € 
and mechanical systemsto reduce the 
mum rate of deceleration during the 
ical time before 20 cycles after a dis 
ance is initiated; if so, the difficulti 
designing adequate protection fot 
motors are compounded. More os 
graphic data are needed. 7 

Assuming a constant rate of chan 
frequency throughout at 4 cps/sec, 
I indicates theoretical anticipated 
ing times of the 52-2 circuit breake 
various settings of the 81 relay. 
shown is the relation of the clearing 
experienced in Fig. 8 and suggested 
mum source reclosing times. It is 
esting to note that Fig. 15 shows ap 
able gain in the 81 relay operating 
up to about 10 cps/sec; this is a gé 
5 cycles. Hence, optimistic estima’ 
the rate of change of frequency of 
ticular system produce only minor 1 
tions in total clearing times and min 
reclosing times. It can be stated, th 
that a rate of change of frequency 4 
the minimum will widen the m ar! 


Oscillographic test 9, motor 2 restarted 


Fig. 11. 


between the maximum breaker clear- 
ime and the minimum upstream re- 
ag time. 

ie oscillograph of Figs. 8 through 11 
ated a clearing time longer than was 
d for. Consequently, thought was 
1 to setting the 8/ relay up to59.5 cps. 
y frequency recordings over the past 


en 
ic 
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Oscillographic test 9, motor 3 restarted 


year indicated that such a setting would 
not result in excessive nuisance tripping 
due to utility short-time frequency ex- 
cursions. The relay was recalibrated to 
59.5 cps, where it remained during a 
winter of many severe electrical storms. 
Experience thus gained indicated that win- 
ter disturbances to the utility system shut 
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Fig. 12. Close-up underfrequency operation, 


oscillographic test 9 


the catalytic reformer down due to fre- 
quency excursions often enough to war- 
rant setting the $/ relay back down to 
a lower value. The new set point after 
review of the utility frequency record- 
ings over the winter was determined as 
585 cps. Thus, such frequency excur- 
sions and how often they occur are an 
important factor in determining the mini- 
mum source reclosing time; for this sys- 
tem it is 45 cycles. 

Parenthetically, experience has shown 
that the equipment has repeatedly pro- 
tected the process. The operators have 
related that on one black and stormy 
night filled with lightning the equipment 
went through the sequence of events pic- 
tured in Figs. 8 through 11 thirteen times, 
keeping the catalytic reformer on stream. 

This experience in gaining confidence 
in the adequacy of the underfrequency re- 
lay in properly protecting these motors 
was time-consuming and expensive. 
Since the data presented cannot be ex- 
trapolated to other systems, but is appli- 
cable only to this system, a need is felt 
for an analytical technique permitting 
the confident prediction of a system mini- 
mum rate of change of frequency. Sub- 
sequent to the taking of these data, this. 
need was answered by a confirming analy- 
tical technique presented by Morton and 
Shepherd. 

The equation found in this paper for 
the rate of change of frequency is 


WKN? 10°=rate of change of 


frequency 


Af= 


where HP approximated 60 to 75 (essen- 
tially losses); WK?=9,500 lb-ft? N= 
400 rpm. 

These values placed in Morton’s 
equation resulted in a calculated rate of 
change of frequency between 4 and 5; 
this, while approximate, lends confidence 
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ELECTRICAL DEGREES 
SEPARATION 


Fig. 13. Electrical separation curve, polar co-ordinates 


to Figs. 8 through 11. The analytical 
technique and/or oscillograms such as 
those presented in this paper are the two 
presently known methods of adequately 
judging such underfrequency motor pro- 
tection. 


Conclusions 
1. High-speed field removal is essen- 


tial to early residual voltage reduction of 


Table I. 


Theoretical Clearing Times* 


Times Cycles 


61 relay setting, cps...58.0...58.5...59.0.. 59.5 
81 relay operating 

time, at 4 cps/sec..11.5...11.5. 
86-1 relay operating 

time, cycles........ P4e\ UE ence PAVE 
52-2 circuit-breaker 

operating time, 

CVClES. Rate nayaetac 620.55). 16 ..0n.m On OF. 2650 
Test equipment 

operating time, 

Cycles Kens ccacie ce LRA Ss Se at tee 
Motor system de- 

celeration time to 

81 relay setting at 

d:eps/séess.oeaias: ORO aes 
Total clearing time, 

theoretical, cycles. . 


"LL On lle 


5 AUB a, CFK0) 


SLO Dinas 


Mtoe Or Olt onsn Cie 
MOTO Oy saeco 


Total clearing time, 
Fig. 8, cycles....... 41.0 
Suggested minimum 
source __ reclosing 
hie (eycles 5,0.) 7/56. 4 40s 86 


* Estimations except for Fig. 8. 
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e = RATE OF CHANGE OF FREQUENCY 


ink WHERE g =KT" 
360 


a synchronous motor momentarily sep- 
arated from its power source. 

2. The sequence of relaying under the 
influence of a multiplicity of conditions is 
complex. It should be approached with 
respect and deliberate thought should be 
devoted to insuring performance. Sim- 
plicity, always desirable, should be antici- 
pated only after several attempts. In 
designing the relaying, generosity proves 
worth while. The inclusion at the begin- 


“at ~ 
n= 2.03 ABOVE 20~ 
K=710, <=4.0 ~ ECF 


Fig. 14. Electrical separation curve, log-log co-ordinates 


Na 


ning of doubtful functions, ample a 
relays, and contacts immensely simplifi 
the metamorphosis of the system 
does so at relatively unimportant cos 
3. Liaison with process people is mou 
important; they must establish the dc 
versus-time evaluation. It would 
unwise to put time, money, and é 
into a system embodying continuity ¢ 
order unwarranted by the process. 
versely, to economize on the relaying, 


(oa) 
fo) 


(S,) 
°o 


i) 
te} 


Fig. 15. Operating 


time of underfre- 2 

quency relay type 

CFF13A after sys- r) 

tem frequency 05 


reaches relay setting 
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A =RATE OF CHANGE OF FREQUENCY (CYGLES/SEC 


1.0 a 


so doing fail to protect the process, 
iid be even more unwise. The 
ogey”’ in connection with the equip- 
mt was based on permitting loss of 
urogen pressure supplied by any of the 
ee compressors to a common hydrogen 
eiver for no more than 10 seconds. 
Oscillographic records clearly in- 
ate that the equipment meets the 
cess bogey. An even better indication 
hat the equipment has already faced re- 
ted emergencies and performed far 
ad of an operator to save the catalyst. 
Above a rate of change of frequency 
about 10 cps/sec, circuit-breaker clear- 
time is composed primarily of equip- 
nt operating time. Hence, in the de- 
1 of the system advantage should be 
en of every opportunity to reduce the 
r-all equipment operating time. The 
t and fastest available devices should 
selected and a minimum number of 
ices used sequentially in time. Over- 
imistic estimates should be avoided. 

. However, anything other than the 
al minimum rate of change of fre- 
ney is of little value in evaluating the 
its of the high-speed underfre- 


quency relay and in determining the 
appropriate minimum time for reclosing 
the upsteam circuit breakers. By oscillo- 
graphs, the subject motors and_ their 
driven equipment produced a practical 
minimum rate of change of frequency of 
4 cps/sec; this in turn ultimately resulted 
in a suggested minimum 12-kv circuit- 
breaker reclosure time of 45 cycles, 
applicable to this system only. 

7. An analytical technique permit- 
ting a confident prediction of a system 
minimum rate of deceleration is helpful in 
judging the adequacy of underfrequency 
relaying as synchronous motors protec- 
tion. This, coupled with oscillographic 
confirmation, should result in a satis- 
factory extension of such underfrequency 
protection to other systems. 

8. In arriving at the highest practical 
underfrequency setting of the under- 
frequency relay there should be careful 
consultation with utility records and per- 
sonnel, with the aim of avoiding opera- 
tion during short-time underfrequency 
excursions of the utility. Such excur- 
sions do occur but for reasons outside 
the scope of this paper. 


Discussion 


. Brightman (General Electric Com- 
y, Schenectady, N. Y.): The authors 
to be commended for their useful 
er. Documented test data is valuable 
ause it confirms the expected behavior 
protected and protecting equipment 
ed on calculations, and because it may 
sal unsuspected performance charac- 
which add to our store of 
wledge. 

he latter seems to apply here. The 
hors report that the tests revealed an 
-all operating time better than expected, 
h was an entirely satisfactory con- 
ion to the tests as far as the particular 
allation was concerned. However, the 
that the performance was better than 
d be accounted for by known charac- 
stics of the motors and relays suggests 
possibility that some hitherto unknown 
unappreciated factors were involved. 
purpose of this discussion is to present 
results of my attempt to ascertain 
reason for the unexpected performance. 
plotted a curve of frequency against 
2 using data obtained from the test 9 
logram starting at 5 cycles before the 
V circuit breaker opened and ending 
9 cycles after it opened. The resulting 
ve (Fig. 16) revealed quite unexpected 
surprising behavior by the motors. 
ead of starting to slow down imme- 
ely when their power supply was cut 
| the motors apparently speeded up, 
sh is most unorthodox. Then, as 
wn by the curve, they proceeded to 
slerate in an oscillatory fashion, i.e., 
y alternately slowed down and speeded 
ma rhythmic pattern. It is impossible 
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to vouch for detailed accuracy of the 
oscillations shown in the curve because a 
difference of 1/10 millimeter in scaling the 
oscillogram made a change of almost a 
cycle in the calculated frequency. However, 
the calculations showed a frequency of 60 
cycles for the 5-cycle period prior to open- 
ing of the 12-kv circuit breaker, and some 
form of oscillatory pattern showed up 
regardless of the method of calculating the 
data, which leads me to believe that the 
oscillations were real and not due to errors 
in scaling the oscillogram. 

The data for the frequency-time curve 
were obtained from a glossy silver print 
of Fig. 12, which is an enlargement of a 
portion of the test 9 oscillogram. As a 
means of compensating for nonuniform 
movement of the film in the oscillogram 
(evidenced by unequal lengths of the 
timing-trace cycles), I compared the 
lengths of 3 cycles of motor 1 and the 
timing traces on the oscillogram, and 
multiplied their ratio by 60 cycles. The 
use of a 3-cycle span, consisting of the 
cycle involved and the two adjacent ones, 
seemed the best compromise between 1. 
minimizing errors resulting from measure- 
ment of the length of the spans, and 2. 
masking the magnitude of single-cycle 
oscillations. Curves plotted from data 
calculated on the basis of measuring the 
span of 1, 2, 3, and 5 cycles showed the 
same general pattern. Likewise, the pat- 
terns were similar for curves calculated 
from the O-axis and the upper and lower 
peaks of the traces. 

The curve in Fig. 16 was constructed by 
plotting the calculated frequency at each 
succeeding cycle of elapsed time and con- 
necting these points by straight lines. 
The resulting curve is, of course, unrealistic 
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in that it shows abrupt changes in speed, 
which are physically impossible because of 
the mechanical inertia of the equipment, 
but no greater accuracy was possible with 
the data available. 

Believe it or not, as you wish, the ‘“‘im- 
possible’ frequency-time curve in Fig. 16 
accounts for: 


1, The unexpectedly short over-all operat- 
ing time recorded, (41 cycles instead of the 
authors’ calculated 49.5 cycles). 

2. The faster and nonlinear angular rate 
of separation below 20 cycles shown in 
Figs. 13 and 14. 


Fig. 16 shows that the shorter over-all 
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Fig. 16. Frequency-time curve showing 
behavior of motors based on test 9 
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operating time resulted because the motors 
required only 18 cycles to slow down to 
the 58-cycle setting of the underfrequency 
relay (device 81) instead of the calculated 
30 cycles. According to Fig. 16 the fre- 
quency was constantly fluctuating, and 
twice during the period from 18 to 30 cycles 
it even went above the relay’s setting of 
58 cycles. To determine the relay’s operat- 
ing time for the period, I assumed that the 
net effect on the relay would be the same 
as though it had been operating on a con- 
stant rate of change of frequency that 
would have caused the frequency to drop 
from 58 cycles to the calculated average 
of 57.8 cycles for the period. Fig. 15 
shows that the relay would close its con- 
tacts in 12.5 cycles at the 3.5 cps/sec rate 
of change of frequency calculated on this 
basis. Adding this to the 18 cycles de- 
celerating time gives a total of 30.5 cycles, 
which corresponds almost exactly with the 
recorded operating time of device 81 as 
shown in Fig. 12. According to the nota- 
tions of Fig. 12 there was a lapse of 10 
cycles from the closing of 81 contacts to 
the opening of circuit breaker 52-2. Adding 
this to the 39.5 cycles gives a total cal- 
culated time of 40.5 cycles compared with 
the recorded 41 cycles reported in the 
paper. 

The curves in Figs. 13 and 14 show that 
the rate of angular separation during the 
first 20 cycles was progressively faster as 
zero time is approached. If the lower end 
of the separation curve on log-log paper 
(Fig. 14) is extrapolated at the same slope, 
the angles of separation at 3 and 4 cycles 
are 10.7 and 12.8 degrees respectively. 
The calculated rates of change of frequency 
during the first 20 cycles based on these 
extrapolated figures and others taken from 
the angle of separation curve in Fig. 14 
are as follows: 


Rate of 
Time, Separation Change, 
Cycles Angle, Degrees Cycles / 

Sec/Sec 


This pattern of rate of change of fre- 
quency corresponds to one that could be 
calculated from the Fig, 16 curve. 

It is my understanding that the angle-of- 
separation curves in Figs. 13 and 14 did 
not include allowance for the fact that, 
when the 12-kv circuit breaker opened the 
phase angle of the motor, voltage would 
shift immediately to a position correspond- 
ing to that of the motor rotor prior to the 
interruption. This would mean a back- 
ward shift of perhaps 8 degrees for motors 
carrying about 10% load, as these were 
doing. Since this shift would have the 
same effect as motor deceleration, it should 
be deducted from values shown in Figs. 
13 and 14. When this is done, 
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1. The extrapolation of the Fig. 14 curve 
wotld show a negative angle of separation 
indicating a speed increase rather than 
decrease in the 0-2 cycle time period. 


2. The calculated rate of change of fre- 
quency at 20 cycles becomes 3.6 cycles/sec/ 
sec which is essentially the same as the 3.6 
value calculated from Fig. 16 for the 18-30 
cycle period. 


Thus it appears that the curve in Fig. 16 
accounts for the performance of the equip- 
ment as observed and recorded by the 
authors. However, we still do not know 
why the machines behaved that way. 

Some of the speculative questions might 
be: 


1. Was the behavior of the machines due 
to a backward expansion of compressed 
gas, or to the known fact that synchronous- 
motor-driven compressors pulsate. In this 
connection it is interesting to note that 
the compressor units were in mechanical 
synchronism during this test, as indicated 
by the pulsations in the three motor current 
traces prior to opening of the 12-kv circuit 
breaker. Consequently, any negative-torque 
effect would have shown up at its maximum. 


2. Was it an isolated incident, or would 
it happen again to these motors? If so, 
would it happen regardless of load on the 
motors? 


8. If it was not a freak incident, would 
it also happen to other motor-driven 
compressors? 


4. Why did the motors slow down so 
much faster than expected, and would 
they have behaved proportionately if they 
had been loaded? 


The answers to these questions may 
have a decided effect on our ability to dis- 
connect compressor motors by means of 
underfrequency relays fast enough to 
protect them against out-of-phase  re- 
energization when there is 15-20 cycle 
reclosing on the power supply. 

The authors report that, after these 
tests were made, the frequency relay was 
recalibrated to 59.5 cycles to obtain still 
faster over-all operating time. It was 
changed again to 58.5 cycles to prevent 
unnecessary shutdown of the equipment 
due to power-system frequency fluctuations. 
That was possible in this case because of 
ample time for operation of the equipment. 

When slowing down of the equipment is 
not permissible, false operation of the 
frequency relay can be prevented by using 
a power relay to monitor it. The contacts 
of the two relays are connected in series, 
so that both must operate in order to 
complete a tripping circuit. With this 
combination the frequency can fluctuate 
widely without causing tripping as long 
as the power relay indicates that the plant 
is getting power. 

Just as a matter of general information, 


Phillips, Yuen—Kestarting and Protection of Synchronous Motors 


‘ accuracy of the field data. 


I discovered what was to me a some 
novel way to scale the oscillogram. 
I made-a pinprick at the points of 
traces that I wanted to measure 
turned the sheet over and worked o 
reverse side. It was much easier 

up the scale on the centers of the p 
than on the oscillographic traces, esp 
the somewhat unsymmetrical crests < 
waves. 


C. L. Phillips and M. H. Yuen: Becatsa| 
is difficult to comment on a field exp 
without having available the field 
being discussed, Mr. Brightman, whi 
expressed an interest in this subject 
given access to the field data presen 
the paper. His discussion is a ve 
extension of the interpretation © 
data. The authors do not differ 
Mr. Brightman’s basic views; rathe 
effort seemingly confirms the 
position as follows: 


1. More oscillographic data are nee 


2. We do not thoroughly understand 
happens to synchronous motor 
within 20 cycles after a power failure 


8. Underfrequency relaying for th 
pose of protecting a synchronous 
from a high-speed power reclosure, 
apparently the best solution we know 
may not permit co-ordination wit 
upstream high-speed reclosing device 


Questions of the character rais 
Mr. Brightman inherently rest ¢ 
It shor 
emphasized that these data were tak 
a professional who had spent a lifet 
oscillographer for one of the largest 1 
in the country. The authors feel su 
data can be relied upon to be a 
enough to warrant the paper’s conel 
comment, and discussion. \ “ 

The speculative questions raised - 
ing the motors’ performance are also 
authors’ minds; as yet no satisf 
answers have been forthcoming. 

Regarding Mr. Brightman’s sug 
to utilize a reverse power relay as ab 
relay to utility underfrequency exct 
certain precautions should be mei 
If it happens that a true tripping 
frequency occurs simultaneously wil 
or no kilowatt load other than tt 
chronous motors, then it appears | 
that the reverse power relay may 
remove its blocking function pr 
thus preventing a legitimate trip. 
if the synchronous motors ¢ 
normally pulsating load, then, ai 
loading with high power factor the re 
power relay may pulse with the 
negating its blocking function at 
mitting false trips on utility fre 
excursions. Some more positive b 
means is desirable for this critica 
application. ‘ 
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Notes, and Trade Literature. Automatically sent to all 
members and enrolled students in consideration of pay- 
ment of dues. (Members may not reduce the amount of 
their dues payment by reason of nonsubscription.) Addi- 
tional subscriptions are available at the nonmember rates. 
Bimonthly Publications 
Containing all officially approved technical papers collated 
with discussion (if any) in three broad fields of subject matter 
as follows: 
annually 
Communication and Electronics . $5.00 
Applications and Industry $5.00 
Power Apparatus and Systems $5.00 
Each member may subscribe to any one, two, or all three bi- 4 
monthly publications at the rate of $5.00 each per year. A 
second subscription to any or all of the bimonthly publica- 
tions may be obtained at the nonmember rate of $8.00 each 
per year. 7 
$1.50 
Single copies may be obtained when available. -each 
AIEE Transactions 
An annual volume in three parts containing all officially ap- 
proved technical papers with discussions corresponding to 
six issues of the bimonthly publication of the same name 
bound in cloth with a stiff cover.. 
sid. annually 
PartI Communication and Electronics $4.00 
Part II. Applications and Industry $4.00 
Part III Power Apparatus and Systems $4.00 


Annual subscription to all three parts (beginning with vol. 
77 for 1958). re Shy $10.00 
Annual subscription to any two parts. 


AIEEE Standards 


Listing of Standards, test codes, and reports with prices fur- 
nished on request. , ; 


Special Publications 


Committee reports on special subjects, bibliographies, sur- 
veys, and papers and discussions of some specialized technical 
conferences, as announced in ELECTRICAL ENGINEERING. 


*Discount 25% of basic nonmember prices to college and 
public libraries. Publishers and subscription agencies 15% 
of basic nonmember prices. For available discounts on 
Standards and special publications, obtain price lists from 
Order Department at Headquarters. . y 


Send all orders to: 
Order Department 
American Institute of Electrical Engineers 
33 West 39th Street, New York 18, N. Y. 
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